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FOREWORD

The research described herein which was conducted by Averican
Airiines, Inc., in conjunction with their subcontractor, .
Pratt & Whitney Aircraft, was performed under NASA Contract
NAS3-18537. The NASA Program Manager was John E. McAulay,
Airbreathing Engines Division, Lewis Research Center.
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'ABSTRACT

The investigation reported herein analyzed and documented

available data and engine parts on in-service JT3D and

JT8D engines relative to.engine deterioration. .The results

of this investigation led to the conclusion that_the fan-
compressor system of these engines.contributed a major

portion. of the long term engine de.terioratipn. An engine

- test and instrumentation plan was then formulated for .a

proposed follow-on program.. The goal of this program was __._
to verify the above conclusion and to attempt to identify

more precisely which components_of the fan-compressor

system are at fault.
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ANALYSIS OF TURBOFAN ENGINE PERFORMANCE DETERIORATION

AND PROPOSED .FOLLOW-ON TESTS
SUMMARY.

The investigation. reported herein covered two primary efforts. The
first of these was (1) an analysis of currently available in-service.
JT3D and JTBD data as it relates to performance deterioration, (2) a
documentation of in-service engine parts condition and an estimate of
the effect on performance, and (3) a survey of engine parts replacement/
repair rates. The second primary effort was the formulation of an over-
all test program for a proposed follow-on investigation. This program
identifies the required test_vehicles, instrumentation, procedures, con-
ditions and facilities. -

The results of this.investigation indicated that 60 to 70 percent
of the observed increase in JT3D and JT8D fuel consumption is due to
deterioration of the fan-compressor system, 10 to 15 percent is due to.
the turbine deterioration, and the remainder to losses associaied with
engine seals and clearances. The primary reasons in airriving at these
conclusions are (1) the performance simulation studies used in conjunc-
tion with the in-service data trends suggested that the fan-comnressor-
system was substantially involved in the deterioration process and (2)
the observed condition of typical deteriorated parts and the normal
restoration of engine parts on in-service engines also led to the con--
clusion that the fan-compressor system was significantly involved in
the performance losses. .

These conclusions, which were more qualitative than quantitative,
led to a recommended .test program. The objectives of this program are
to. first verify that .the fan-compressor system was a primary factor in |
engine deterioration and second to attempt to identify which components i
and/or sub-components. of the. fan-compressor -system were the major con-
tributors and to. what degree.
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INTRODUCTION

“ The loss. or deterioration of engine performance as engine time. 1
f tncreases has.been well known for many years. Although performance .

L deterioration 1s variable from one engine type to another and even _
f from engine to engine of the same model,_the magnitude of overall
engine performance loss is approximately known once a specific engine .
model develops sufficient historical experience. Furthermore, a list
of probable causes of deterioration can be itemized with reasonable ]
certainty (e.g., fan-compressor FOD, combustor fuel nozzle coking, oy
turbine stator deformation, seal and clearance changes, etc.). How- .
ever, what has not been known with any degree of precision is the
magnitude of loss due to individual components as they are exposed to.
everyday usage. This lack of knowledge, coupled with the relatively
low cost of fuel, has produced no economic incentive to be greatly
concerned about performance deterioration...._.

| e

However, in the past two years fuel costs have multiplied two. to .
three times. Furthermore, the total fuel supply which previously
: _ appeared to be 1imitless has now become uncertain. In addition, there
t : is evidence that newer -high performance engines exhibit a higher per- i
i formance deterioration rate than the older engines. Consequently,
: : there are strong forces promoting a reexamination of the engine main-
: tenance practices of the airline industry. Until now, these mainte-
! nance practices have .been directed almost exclusively at producing 1
: { mechanical integrity.. Any restoration of performance in the past has
§ largely come about as a by-product of maintaining engine reliability.

e

! As a result of the above stated changes in the airline environment
i and also because of NASA's general interest in the conservation of
; energy, a program was initiated to expand the knowledge relating to
§ the causes of engine performance deterioration. The initfal program
envisioned was to first conduct a study and planning effort which 1is
reported herein which would logically lead into a hardware type eval-
uation. It was recognized that some type of test program was necessary
to develop some "“hard" data which could then provide the impetus to
revise maintenance practices and provide a practical method of improving _
fuel usa?e. This overall approach was directed at two primary objec-
tives: (1) an improvement in fuel consumption on current engines and

(2) information which could provide design criteria or guidelines for
future engines. .

The information presented in this report covers an evaluation of
| available data from American Airlines on the performance trends of the
B JT3D and the JT8D turbofan engines, an examination of the engine parts.

i condition of in-service engines, and a documentation of the engines' f
parts replacement/repair rates. The performance trend data {s then
combined with existing engine simulations to arrive at probable causes
of engine deterforation.. In addition, estimates of performance degra-
dation are made Lased on the.in-service parts condition. Based on
these results and the engine parts consumption/repair rates, conclusions
are drawn as.to the cause of long-term engine performance deterioration.. 1




AR bl obde, i N . L FERATTmLIER GERATEY rEamamemmymmmymA e o o T T L T T T e e L e 1
il A i sl | 1

WA PRI A AR Ty Ui L PO s b b R i - Ak

The report also presents some ideas on replacement cost versus .
performance improvement. A proposed overall test program is then
described. Its intent is to verify the accuracy of the study estimates
and to ident?fy which engine subcomponents are significant with_regard
to engine performance 10ss.

RESULTS AND DISCUSSION .

The approach to analyze the cause of engine performance changes

and the probable causes of. the observed deterioration of SFC leads down
several paths. The source of engine deterioration can be analyzed on
the basis of the measured performance of the average or typical engines
as they leave the test stand and from cockpit engine instrument readings
recorded during cruise. The results of this type of analysis presumes
that adequate instrumentation of sufficient sensitivity, accuracy and
repeatability exists to permit the analysis to proceed with a reasonable !
degrne of confidence. The instrumentation accuracy problem is diminished . . . . .
as.more samples are taken and averaged. ..

The second path of analysis concerns the evaluation of engine hard--
ware that has seen extensive service. Engine performance is achieved by
the fundamental shape of the various gas path parts, the control of the.
leakage beyond that which is required for essential cooling and losses
associated with flow over and around the blades and vanes which cause
losses due to inefficiency. Through the process of time, the shape of
the various gas path parts is changed due to.the effects of erosion and.
foreign object damage. In addition, changes in the temperature pattern ;
in the hot.section causes localized bowing of nozzle guide vanes. d
Cases, due to repeated loads and temperature differential, also warp ' |
out of shape. Current maintenance programs have been directed at mini-
mizing the cost of repair. As a result of this overall philosophy, work . _
on engine repairs has, in generai, been concentrated on restoration of .
hot section parts. Less attention has been paid to the cold section,
compressor and fan section of the engine.

A third path of analysis is the inferences that can be .drawn from
examining the data on engine parts replacement/repair rates. Although i
this. approach by itself may well be misleading, if the conclusions drawn d
are in tune with other analysis approaches, it offers additional circum- -
stantial evidence.

Analysis and Documentation of. Current. Information . 3

In-Service Performance Data - The purpose of this phase of the study was
to review the trends of engine performance with accumulated time in-

. service as the basis for defining an engine test pro?ram to -recover the
major portion of observed increases in engine specific fuel consumption.
New engine specific fuel consumption performance levels result from the
adherence of each engine build to defined standards for the aerodynamic
shape of gas path parts, and physical dimensions and clearances. When
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engines are new, they exhibit performance characteristics which, while
having some.variability on an engine-to-engine basis, meet limits as to

the minimm thrust and maximum specific fuel consumption. The objective.

of this part of the study was to focus on the causes for the .observed
{ncreases in fuel consumption of in-service engines. relative to the
average of new production engines. The specific causal.factors behind
this average increase.in fuel consumption are difficu’t to discern.

The maintenance practices of. the many airlines result in the scram-
bling of the parts from different engines during the disassembly, repair

and reassembly process. The continued introduction of new engines into

'

a fleet of aircraft masks the cost of engine maintenance and the deter--—

joration in performance when viewed on a fleet basis. The repair pro-.
cess often scrambles the newer parts from the _new engines into older
engines such that .traceability of performance deficiencies to one
particular module or-component of the engine becomes more difficult
with time. Once the introduction of new engines in a fleet stops, the
trends of performance deterioration with operating time accelerate un-
less specific action 1s taken to prevent the occurrence.

from the performance records. maintained on overhauled/repaired
engine acceptance tests and in-flight engine .performance monitor -logs,
a continuing gradual deterioration in engine specific_fuel consumption
performance has been observed. This experience is related to. time and
to the mix of new and older engines in any specific.airline's fleet of
aircraft. The rate of deterioration or-increase in fuel consumption.at
constant thrust has been noticeably more rapid with the newer higher

performance.engines. Modification programs undertaken to improve engine.

reliability and correct specific problems, {.e., cracking of a partic-
ular blade, have produced changes in the performance levels of the
average engine; sometime -for the better but more often for the worse.
The performance trends from specific airlines will_vary based on the
average age of their particular fleet of engines. The average annual

fleet trends for American's engines indicate that the fuel consumption .

per year (about 3,000 engine operating hours) has increased for the
JT3D 0.4%, the JT8D 0.5%, the Spey a~out 1% and the CF6 and JT9 between
1 and 1.5%. During specific periods of time, reversals of the general..
trend have occurred due to modification programs. Incorporation of

new turbine seals of improved design in the JT8D and general reliability

program modifications to the JT3D which included replacements of high

pressure turbine parts, are examples of modifications which improved

fuel.consumption. . __

The general inference drawn from these data is that the long term
trends are probably the effect of lcng term erosion damage and/or -in-
creased seal clearances which have not been removed/restored during
engine repair. Rapid deterioration, that which occurs in less than
1,000 hours, is generally the result of the loss of clearances in the
high pressure areas of the engine with the most 1ikely candidate being
the high pressure turbine blade tip seals. Beyond these general infer-
ences, no other specific conclusions as to the specific sections of the

engine most responsible for the increased fuel consumption.are possible
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using this form of data. For this program, engine performance and parts
condition were 1imited to the .JT3D and JT8D engines.

A brief summary 1s in order at this point concerning engine types
and delivery dates. American Airlines has a current inventory, as of
January 1, 1975, of various low bypass engine. types as fullows:

Type Engines Initial Delivery Avg. Time
JT3D-1 125. 10/23/58. (12 Yrs)
JT3D-38 347 4/30/66 (8 Yrs)
Final Delivery of JT3D's 4/9/69
JT8D-1/7 206 . 2/26/64 Thru 8/16/68 (8 Yrs)
JT8D-9 152 2/2/68 Thru 4/30/69 (6 Yrs)
Thé"newest low bypass engine in American's fleet is the .
JT8D-9..

Turbine engine deterioration occurs in two steps as defined below:

Short Term Deterioration - When delivered.new, seals are at_their
minimum tolerance and.the aerodynamic flow path performance is
usually as designed. But, considerable performance loss is expe-
rienced during the first 1,000 hours of engine operation due

mainly to seal wear-in. From 1,000 to 3,000 hours of operation. __..
the aerodynamic-flow path is interrupted by a gradual change in
blade profile brought on by blade erosion. The high bypass ratio
engines usually exhibft a more pronounced short term deterioration
than is noted for the JT3D and JT8D engines.. Figure 1 represents
a typical_high bypass engine: deterioration profile.

Long Term Deterioration - Long term deterioration usually occurs
after the engine has been in service for 2,000 to 3,000 hours
(Figure 1). Long term engine deterioration is usually associated .
with hot section distress (1st stage nozzle guide vane condition, .
fuel spray pattern, etc.). When an engine goes through American
Airlines' repair shop most of the long range performance deter-.
foration associated with the hot section {s eliminated during -
engine build. Current repair practices do not recapture much of .
the short term deterforation due to seal wear and longer term
deterioration .due to compressor blade erosion.

During stabilfzed cruise the Flight Engineer fills out an engine
monitor 1og form which includes engine speeds (N1 and N2), EGT, fuel
flow and engine pressure ratfos. Also included is a record of altitude,
static and total air temperature and Mach number. The form is removed
from the aircraft at flight termination and the data contained on it
are. teletyped to American Afrlines Maintenance Center in Tulsa where it
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is sorted according to aircraft and date. The data are corrected to.
sea level conditions and subsequently compared to a baseline value.
The data are compressed and averaged over.a period of time and repre-
sents the fleet average.

In this particular case, Figure 2 illustrates the deviation of
actual fuel flow in.percent from the baseline value in cruise for the
B707-323C fleet for a period of six.years. The B707-323C aircraft has
four (4) JT3D-3B engines installed. As indicated, an adverse trend {s .
apparent up ti11 1973. Since 1973, the fuel flow deviation has run at
a nearly constant value slightly over 3%. During this time period, the:
1st stage nozzle guide vanes (large grain structure) were being replaced
with vanes of a.smaller grain structure to reduce vane bowing.

The JT8D cruise data for B727 aircraft are collected the same way
as the JT3D data. Up till the middle of 1972, the fleet average was
made .up of JT8D-1, -7 and -9 engines as depicted in Figure 3. From mid
1972 and on, the computer program was revised to distinguish between -1.
and -7 in one group and the -9 by itself. The basic curve offset (4%)
represents the condition of the JT8D-1 and -7 engines in 1968. The dip
in 1969 and 1970 is due to.the introduction of new JT8D-9 engines and
the decreasing trend since 1973 is due, in part, to the new 5 knife edge

outer seal at the first turbine stage being installed per a service bul-:

letin on all engines.

Along with the in-flight monitoring program, American has a test
cell computer program which maintains a data bank on all engines run
through .the test cells. From these data a variety of comparisons can
be made.. Figure 4 is an example.of one such comparison where the data

from all engines of one type are averaged monthly and the average devi- -

ation from the current new engine baseline {s represented on the trend
plot by an "A". The low and high deviations for that month'are also
shown as an."L":and "H", respectively. This trend plot indicated that
during a four year.period the cruise power setting fuel flow trend for __
the JT3D-3B engine has increased until the deviation is 185 Lbs/Hr.
above baseline. The curve in Figure 4 also indicates short periods of
time where the trend drastically increases and decreases. The deter-
ioration shown in Figure 4 is in addition to that occurring on the wing.

The on-wing upward data trend {1lustrated in Figure 2 reflects the total
deterioration trend. .

The JT8D engine, in contrast to the JT3D-3B engine, does not show
quite as steady an increase in the fuel flow trend plot as shown in

Figure 5. During this.period, from 7/72 through 6/74, the fuel flow
trend has increased.70 Lbs/Hr.

The corresponding changes in EGT for the JT3D-3B and JT80-9 are

shown in Figures 6 and 7, respectively. The JT3D-3B engine has expe~ - -

rienced an 8°F increase over the four year period shown. The JT80-9
during the first half of the time perfod shown produ~ed a substantial

EGT increase but since the installation of the 5 knife edge seal in the

first turbine stage, the EGT has significantly decreased.

-




'
i
5
?%
]

Taking the test cell deterioration rate, as 1llustrated in Figures
5 and 7, and superimposing it upon the Computerized Engine Monitor Loy
(CEML) data for the JT8D-9 engines (Figure 8) depicts the portion of
deterioration attributable to long term on-the-wing deterioration versus
repeated build deterioration (1.2% from mid 1970 to mid 1974) associated

-y

with current build practices. This figure suggests that a portion of ...
the performance change from baseline occurs during service operation
while the remainder occurs through shop restoration practices which are

aimed at maintaining minimum shop costs. without sacrificing airworthiness.

Assuming that 2% of the increase in fuel consumption shown in

Figure 8 can be recovered, it.will result in a savings of 29,190 gallons .

for every 3,500 hours of JT8D engine operation. This savings is signif- ..
icant not only from the cost standpoint, but also_from the rate of de-
pletion of our natural. reserves. .

Additional test cell data are shown in Figures 9 through.12 where.
the trends of LP and HP pressure ratios are presented for the JT3D-3B
and the JT8D-9 engines. The delta low pressure compressor ratio trend
plot for the JT3D-3B is presented in Figure 9 and shows that from 11/72
through 6/74 the LP ratio increased 0.4%. Also shown is a rather sharp
short term decrease from 2/72 through 9/72. The delta high pressure
compressor ratio for the JT3D-3B is shown in-Figure 10 and indicates a
pressure ratio decrease of 1.2% between 11/72 and 6/74. The relation-
ship between the LPC pressure ratio and the HPC pressure ratio shift
can be explained, in part, by the fact that since the end of 1972, more
work (new parts, etc.) was done on the high compressor but no additional
wark was done on the LP_compressor. :

The test cell delta LP ratio trend plot for the JT8D-9 engine.is
illustrated in Figure 11. Since 7/72 through 6/74 a decrease of 0.5%
in the LP compressor pressure ratio is evident. In April. of 1973, the
low pressure compressor assembly was shifted withk respect._to the stators
and resulted in an improvement in the stall margin of the engine. This
could explain, in part, some of the shifting noted. The major cause of
the change in pressure ratio is most 1ikely the installation of the new.
5 knife edge outer seal at the first turbine stage which commenced in
quantity around January 1972. The delta HP ratio trend plot presented
in.Figure 12 indicates that an increase of 0.8% can be observed in the
HP compressor pressure ratio for -the same period of time as discussed
in the previous figure. Again, the new 5 knife edge outer seal instal-
lation is.probably the basic cause for the pressure. ratio increase.

In summary, a gradual deterioration in engine performance for both
the JT3D-3B and JT8D-9 engines after overhaul indicates that parts of
the engine are experiencing gradual deterioration and corrective action .
is not being taken because the available data do not identify specific
parts of the fan-compressor system causing the deterioration. Total ..
replacement of these components would not be economically feasible.

)
4




r - B - \ [ i 3
| F
. ]
FIGURE 1 -_TYPICAL HIGH BYPASS ENGINE DETERIORATION RATE . _ :
Of —~"" ™ = ™ = o= s @ e = m e o ems e = TEST CELL LIMIT
| o E6T |
] 20
30|
f, o 40
9 '
60 NOTE: .
TAKE OFF DATA,
70 CONSTANT Ni
BOTH CHARTS
80 ;
90 L A 1 - f;:
0 . 1000 2000 3000 4000 3
5.0 . ENGINE TIME - HRS 1
= " i
3.0 ;
Q L
& i
] 2.0 - 4‘
&
4 . }
1.0 ,
.S . K
o
8 0F—-f = — - = == = == = = — = = - - -~ GUARANTEE
-1.0
TSFC MARGIN AT DELIVERY.
«2.0 1. 1 4 . L
0 1000 2000 3000 4000
ENGINE TIME - HRS
8




juedied -uojiejaeqg Mmoj4 jend OSII’Nﬁ

aamn ._!uO ogze-L0.8 |
uodn paseg uoijeirag mol4 |and No:_m.n_ 9 o




Gl

L) OOOGQﬂllll
o .

h.w._.-n.m_.m..:. | |
viva 11390 1s31® viva TN3D N.N\. 2 |
uodf paseg uoljeia3g 30_.._.._0...:&

"¢ 9anb14

juesiad-uojjeireq mold jend @s|nid

10




r B oY IS L bindiengtas o pilsai
= S
o e

Flgure 4, Test Cell Fuol Flow Trand Plot for JTSD-3B

. Crulse Power
) For Perlo /70 Thru 6/
| or Period 7/70 Thru 6/74
y PR - 4 - . ) 1
ENGING JTJID=38. o L BUGL. FLQH BB et e e e e oo
MUYR NUe LOw AVG ItiGH ‘5000"200.o..tooOonou'ov-.400.ooo-.c‘iOQ.-o.oo.bOOooo
J10_ A LUQeT  dtdeB _ 25049 o L H i .
670 3 luled ., liwed 2UTel s - . b
* 9lu 23 ‘19n1 31lle5 ‘N/JQS . ..
10’\) 13 _d(.a.O .‘)6"0\) "’?'9 B — o e cmns e, .
11707 16 204-’0 T287ea T 3uled e - ) T T e T e st e e
1270 . 21 23l 30348 37548 .
171 lb 1 Jliod 2‘-_‘1‘9_2 . 37%e% . n .
271 18 "JU.Q d?d."’ 46069 o .
“ 371 16 1llel 24546 3clel o .
_i?l 14 _l‘:‘_lo_ = Jh"oa 42103 . - -
B7L 21 25060 . 31948 L 389.0 o s e e
a7l (.Q 11705 30001 462eT = H P
_TTL__ 1T 23242 332¢% 43246 e ) .
871 21 . 27lel 31Ge9 4lbel o H .
971 19 3lle5 387.2. 46249 o H .
JA071_ 20 18243 35‘}09 54'.6 . H -
L 71T 25 24T 8 35043 45228 H T e T
12/1 20 23043 30645 376683 o .
_172_32_ 23ws5__319.7_ 4G4s9 . .
272 26 16745 211.3 31).2 - ..
372 30 21968 .. 245345 - 35Te3 » - .
‘Pld ?l _}4)905 35.)-(_ 451; 7 e .
T572 T27 250373414 T R82.57, T .
672. .32 . 287 b} 36T 44748 o -
____]1;___3_2 £DU¢7 3‘460 "012‘_.() » P *
872 2% 31/07 .’7.‘3 L. #2805 o P
- 972 18 2&oel. H4é&lel ‘0-‘35-1 e o.
o A0T2 27 _2v6e) 30342 428e3 o -
1172 _26 2u9e2 321.5 J?J.b e D e L)
lZ?d 23 luded 32149 50048 o H ]
____A._"’J ?6 d‘t"nz JZ".O- " 40349 o . -
273 Zu 25‘1-7 3‘!503» 42740 o .-
EXE] 30 Lb8e8 - 3ETeH 50048 o H -~
.13 26 312e4 BYCeB 46942 & . -
513 24 . 242.1 36203 TA3Z T ' R S
67.5 35 ..3V%a0 43343 56344 . H .
TIB__22_ 26202 3c¥:2_ 4loel s . . -
vT3 30 32201l 452e% 503e! o 3 H . - ;
973 27 31llev 4432 5_7[’-0- L H L 1
LA073 26 23,7 Glses 865e2 4 . ,
A173 20 BaleB @374 533437, - N [ + K
1273 20 2177 33146 4454 o " e j
___;7." . 20 26007 JLJQ‘B 611.0 o " H . !
210 22 T 35T02 T 4A3T . 1
3l Al 24743 4G247 5450e) & H . !
471.- 19 2%a.l. ‘i‘ll.b._ ldioa e H . ?
T5747 15 34la3 . 401427 46142 e ST H P o 1
. 674. i4 2996 «lde3 503l o H . e
e e _-|‘_.18,5..Lbsll-l,r
_— - —_ NGRSO
. L]
ORIGINAL PAGE IS
OF POOR QUALITY
)




T e e

-

Figure 5, Test Cell Fuel Flow Trend Plot for JT8D-9
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gure 9, Test Cell A LP Ratio Trend Plot for JT3D-3B
~ Cruise Power
| For Period 7/70 Thru 6/74
BHGINE JT30=33 . . . (¢ RAFIO_IN &

¢ MUY NUe Liw Vi HiLH "(l-O.oooon‘-‘OOO-.-u.."Z.Ooo.-o.aOo-n-aooongnooooooco’OQOn.ooa10600

LAT0 LY mlef m0e3 | lel °
870 3 T =udav Cel Tad7d - e
PN Y 23 =0a7 Qen lal o - H ..

O I U B I S O B .
1170 14 =Ual . Qe - La9 o o - "o.
1270 21 "Q.) . 1le0 2e% o. H - [

S ATL 5. 20,3 07 1.7 . .
L1l l»s Uol 102 Zead. o . H . . -
371 lo ~0Nab 0 7. 169 o H ..

LATL L3 =007 08 254 M .
571 21 =0.3 . 09 . 242 % ' THT T
61 20 . =3 1-2 267 . H L

_ATL_ 17 =08 1ol 2.4 o H N
87l U ~Je4. Qeb - ?..Q . ..
91 I -dat% Lol 1le9. ..
1071 20 =0e2_ . 12 _ _ 246 4 H .
1171 . 28 =03 Ocd 1;‘3 e - - O'“M“
1271 20. Uel . l.2 2alt o .. H .

b l7d 12 =~le3 _}00 203 o H [
2127800 Ue9 260 H ™ .
372 30. ~0e 8 6.4 .7 . ..

JAT27 21 =Cel 140 240 o H .
577 47 - =leé =0e2. leQ . .
612. 32. -0-_5 Qe5 106 . . . o
'7‘2__22 =l.8 -0_._0 Oel o .
u?& 2% “‘0c7 Qa4 leb o.... L)

. 972 * 18 ~la4 =0l lel. o .

107227 =048 . Ged_  laba. . .
1172 29  =Ue.o 7Y S WA e
1272 23 0.5 17 2e9 o H. .
113 25 "0_-3 0.5 109 . [d
213 T2 T TR0 LT TG 240 0™ .

3713 28 Vel le3. 2e5 @ H ..

‘073 . 26."__ "\).0 N 1.2 .. 3_._‘_0_ L S H L)

513 24 “0e477T Qe8” Lad o T T R
6alsd. 35 . =0ed.. Qe d 263 o . H -

T43__ 21 _ =0eh___ 0ef __ 240 o .

73 30 -Ue¥ 06 - eV o ..

913 26 ~Je b Va9 - 2.‘0 L3 s L

1075 26 . ru-é . u.‘i _ 2el . .
1173 .25 Va2 . lea 2617 |2 S T T
1273 20. "0-4 . le0. 2e3 o L
bia, 18 . . "004 Oed 1e9 . .

FEL3 Zl E "0.3 - 1Q1 mﬁ.u . »: H . .
31« 16 . =Qa.4: 1.0 243 o . .
J6T6 16 - 06 209 Beb e .
574 15 =044 (/7% leb6 o - LT e « T
674 14 =240 ..=0.5. U9 0 .
o N
_ .4 increa
a LPratio
S et e e - Slnc.emﬂ.,q,z ...... -
]6 ... ’__,_,___‘._.,. - - - - - - R -
-
ORIGINAL PAGE IS
OF POOR QUALITY
[ ]

B AN N TR #.hrvfmmk .

-




Figure 10 Test CeILA HP Ratio Trend Plot.for JT‘30 3B
: ~ : Cruise Power’

S For Perlod 7/70 Thru 6/74 '- .
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Figure 11, Test Cell A LP.Ratio Trend Plot for JT8D-9
Cruise Power o]
. For Period 7/70 Thru 6/74
CEAGINE JY80=9 . . . WP RATIU. lN B e e e v o e o e e e "
MUY Ne- L Qv HiIGH -6.0.-u..-:4.0......*2.0.......9.........2.0..-....4.0...--u6.0 J—
- (ZU ?0 . Uob . .____1_9_5‘_"__' Z_o_-'_'; . L i - e memmnns corms Y .
Ty IV R WY 2170 2437 THITTTTT .
.} 970 1‘1 L‘a 2‘1 2-5 L Y L ] - ye—
D100 12 Nal. 22 33 e ol : ..
- 1170 7 led 2457 73,87, T e B DY
1270 10 . Ul 2el Jatt - - .
Ak 9 Zet . 248 345 o . H
¢74. 10 la7 a9 dadt .
371 9 - lel . 243 3e5 o . . L
._'471 _»”11__ 1;5 . 2. e 3.6__!” — *
871. 10 ek 2a5 3eb 0. i e T T
&71 5 1.3 le9 - 2eb o - !
. 77012 el 240 249 o .
i v 8L [+ 1le9 FIX- :417; - -
971 12 0.9 . 2«0 Jal - .
1071 10 1.0 243 3454 .
17716 1.9 27 el » e - ;
1271.. 5 led ...Z2e8 3.8 @ o E
v _‘_.‘1‘72 10 .____2..._5 34 4% o ° E
- 21279 T 245 T 302, 340 e . ;
372 100 1.0 241 3.2 . . - ,
f A2 9 1B 2e).  2eT. . !
3 5712, § Va7 2407 3437 Com Y 1
. 672. 8 0a2 leb 2e7 - :
¢ 172 B,_____-I.S Qe3 22 o L bl :
3 872 .14 Ve 5 Leb 245 . o .
972 12 . .l.l 2.0 2¢7 o .
o 1072 31 0.1 lek 246 s .
‘ \ ’ ’ 117& T -Jed . lel 268 .o v e -
. ) N 1272 . 8 -0el 105 342 o - §
____175 5 ~le? Qe 302 . L - N
2737 6. Qed ~ led . 323 o . ‘
373. 13 [\PY-1 240 346 o L ;
473 7 0.3 1.5 __ 247 . . |
573 137 =06 "L dek TUUTNS T R S TeTTTTTT ;
673 . 8 =243 Qel 2% -0 L L4 H
273 12 =02 1.0 243 o - H
873 . 11 ~2e5. *0e6-~ led.e . L - ;
N 973 9 ‘l. . [' Py lol . -
LA073 T ele4 o Q63 243 . .
Y7 T T O le4 3ed o o CHTTT TS i
. - 1&73 9 =0s6 . . lel. 2.7 - - |
T1Ta B e _leb 246 e N ,
214 6. UeT. le5 . 2e2 o - - :
374 . 11 =lel. ~Oe4 10" . [ H
____‘0_7‘0_»__16_ — 0. ‘0 — 107 .. 269 o . . . - !
574 11 0.3 Ted 235 v B e ——g T '
“ 674 . 8 . ~lel . Qel. le5 o ) - !
_.H,_ 5 1 decrease
in LP ratio ™ |
- e e ““3‘“@9‘7’*7‘2-“
18
[}

R AL A w -l




“Figure 12.Test Céll A HP Ratio Trend Plot.for JT8D-9
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Prior Performance fecovery Efforts - Initial performance recovery
testing efforts where directed at recovery of ‘EGT and stall margin.
and only lately has attention been placed on recovery of fuel.
consumption alone. In 1964 a new JT3D-3B engine was run on a test
cell to establish a baseline. The engine was subsequently torn

down and.burner cans with 4000 hours on them, an 8000 hour “T" duct,
severely eroded 1st turbine blades and repaired 1st turbine outer
seal were installed in the engine. The engine was then rerun and
TSFC increased 1.2% as shown in.the bar-chart of figure 13. The

1st stage turbine tip clearance was then increased .031" and the
TSFC increased another 0.9%. A new Ist stage turbine outer seal

was installed and the TSFC decreased 0.75%. The first nozzle guide..
vane area was reduced one percent and the TSFC decreased 0.8%., The
final engine performance.as modified above was an increase in TSFC ...
of .55% above.new engine performance.

A typical Rolls Royce Spey 511-14 engine was selected to evaluate
various Bills-of-Work which might improve the aerodynamic performance
of the engine. . The first modification was recontouring of the low
pressure blade leading edges. The engine was subsequently run in a ..
test cell and an improvement in TSFC of 0.87% as shown in figure 14 __
was noted over the unmodified engine run. The second modification
involved coating of the low compressor blades with Nubelon “S" paint
which was sprayed on and required oven curing. This produced an
additional TSFC improvement of 0.29%. Reworking of the. HP compressor
blades and the burner_cans improved the TSFC 0.14% more.

The high pressure turbine 2nd stage tip clearance was then made to the
minimum value which resulted in .14% improvement in TSFC and.finally

2 decrease in 2nd stage turbine .nozzle guide vane area of 3% resulted
in a TSFC improvement of .43%. All of the above modifications resulted
in a total improvement in TSFC of 1.87%. It should be pointed out

that this improvement is not from a new engine baseline, but from its

own operating baseline. Subsequent testing of a series of ‘Spey engines .

in 1970 produced results of 1.5% average reduction in TSFC for-this

Tow compressor rework as discussed above. Further back-to-back testing
of new blades versus reworked blades indicated additional fuel
consumption reduction for new blades versus repaired blading of 0.8%
on average. This additional savings was not justified based on the
cost impact to operating economics. The manufacturer indicated that .
the effectiveness of the low compressor work was probably associated

with recovery of total airflow due to fmproved leading edge shape and
reduced roughness..

A JT8D-1 engine with 11,800 hours of service was rerun on the test
cell after 2200 hours.of operation in service since last repair. An
increase in TSFC of 3,17% or200 1bs/hr was measured at an EPR of 1.7
compared to its previous acceptance_test after repair.. The engine was
subsequently water washed and rerun in the test cell. An: improvement

of 1.74%  in TSFC (110 1b/hr) was measured. The engine was torn down

and new 8th, 9th and 10th stage compressor blades were installed. The
Bi11-of-Work resulted in an _fmprovement of 1.9% in TSFC (120 1b/hr)
as shown in figure 15. New 7th stage blades did not produce further

.'1mprovements in TSFC.

-




3 A new redesigned 1st stage turbine outer seal (5 knife edge) was __

X then installed. in the engine which resulted in.1.75% improvement

1 in TSFC (110.5 1b/hr). This reduction in fuel consumption, how- -
S ever, is not really attributable to performance recovery being a

design improvement.

In summary, the above modifications resulted in an overall. TSFC

improvement of 5.4%. Based upon this, the engine TSFC was reduced

2.2% or-130 1bs/hr below its original repaired performance level

prior to the 2200 hours. in service. Unfortunately, the condition

of the compressor- parts removed from the engine was not Jocumented.. ;
and the representativeness of those parts to average parts remains )
unknown. This increment in performance for blade replacement -can o
not be directly related. Compressor performance had deteriorated

during the 11,800 hours of service and the water wash and replace=.
ment of blades were effective in recovering a portion of that
performance 10ss. . Lo

During this study a JT8D engine was run in the cell and rejected for.
excessive EGT.. The engine was returned to the shop where a low
turbine module from another engine was installed. A significant
change in thrust was noted and EGT increased by 3°C but airflow .
remained constant. The engine was returned to the shop and the low . ,
compressor was interchanged with another engine. The airflow j
decreased by 16 1bs/sec and the EGT temp decreased 10°C. The final .

engine configuration indicated a decrease in airflow combined with . :
a reduction in EGT ‘and an associated increase in fuel consumption.
The various configurations are shown in Figure 16.

The main point to be made is that the LP compressor removed from ..
this engine was_torn down_and a complete dimensional check was . 1
conducted. The resultant data indicated that the low compressor was =~
within repair manual limits yet there were significant changes 1in
overall engine performance. -

Two high time JT3D-3B engines.were selected for-use in evaluating
clearance and.mechanical part conditions during this specific
program. The evaluation of parts condition and engine tolerances
recorded during rebuilding are discussed later. The test cell data

§o$parisons between as received and repaired conditions are discussed
elow. . .

Engine S/N 667783 was run with the quick engine change (QEC) installed.
both before and after shop repair. The changes in. performance are

~ set.forth in Table I. The major component repairs accomplished during
the shop visit ara 1isted in Table II. A 3.2% improvement was noted '
in corrected fuel flow and EGT decreased 42°F after repair. The 1
engine, however, remained 3.8% above average new engine fuel con- -
sumption as indicated even after extensive work. .

Engine S/N 645738 was similarly tested. The corresponding change in ]
performance noted is presented in Table III. In the repaired

configuration, the fuel flow decrease was 2.9%, EGT decreased 39°F

but a thrust loss of 300 1bs_was exhibited. The performance recovery

on this engine was less than expected. The fuel consumption was 4.4%
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above average new engine performance when returned to service. The .
corresponding component repairs accomplished during this shop visit
are 1{sted in Table.IV.. :

The conclusion reached from these two specific engine tests is

that the repair process did recover a part of the deterioration
exhibited when the engine was brought into the shop for-time. The
engines received extensive repairs as noted; however, less than half
of the excess fuel.burm was recovered. The source of the residual
losses can only be estimated without detailed study, testing and
improved..instrumentation. However, the first engine did receive

repaired first stage fan blades while the second engine did not. v

Secondly, the compressor blading was not replaced in either engine

with new blading; therefore, compressor flow and efficiency losses

can be assumed.. The major objective of this activity was to determine ...
seal clearances as there was feeling that they were a major source ...
of performance loss. Typical repairs were accomplished with the
exception that $pecial-aftention:was focused on seals and clearances..
The engines as returned to service were somewhat better than average_
repaired engines with respect to fuel consumption, EGT and total

airflow but far poorer than desired.

In overall terms, American Airlines has expended an estimated two

million dollars over the years in repetitive performance test work in
attemptin? to recover engine performance.. In retrospect, this effort .
fias been less than fully productive due to a variety of reasons. The
major reasors, however, are the lack of adequate instrumentation,
facilities_and engineering expertise in relating engine part condition

to overall performance. Perhaps.most important, however, is that

fuel cost reductions were not as .important as they are in today's
environment_and fuel budgets are not the responsibility of_airline —
maintenance groups.

Condition of In-Service Parts and Their Estimated Effect on Performance-

Fan-Compressors

Visual observations were made on numerous fan compressor parts prior .
to teardown and refurbishment by AA Maintenance Center. A typical
engine has gas path surfaces that are coated with deposits of dirt,
salt, oil, etc. which greatly increase surface roughness and thereby
cause performance losses. Only at the leading edge on the suction
surface, especially near the blade or vane tip is the airfoil rela- —
tively smooth. The smooth surface is caused by the abrastve action
of dust particles polishing and eventually eroding the airfoil. Fan
blades and LPC blades have smoother. surfaces but are coated with an
oily film. The surface roughnesses.of some JT3D blades were measured

prior to cleaning and were found to have finishes of up to 100 micro-
inches (see Table.V).

Once compressor afrfofl have been cleaned of protective coating the .
surface roughness increases at a faster rate. When both new and
cleaned used blades. are combined 1n one disk the new blades. will_have




Figure 13. - Change in Thrust Specific Fuel Consumption
of a JT3D-3B engme resulting from engine
modification. Baseline was a new engine.
liet thrust constant.
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9, Change in TSFC With Each B.O.W.
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Figure 14 . - Change in Thrust Specific Fuel Consumption.
of a Spey 511-14 engine resulting from engineé
modification. Baseline was an in=service

~-engine. Net. thrust constant..
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Figure 156, - Change in Thrust Specific Fuel Consumption
of a JT8D=9 engine due to water wash and.
' engine modification. Baseline was an in- ... |
g . service engine. Net thrust constant. '
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Table II - Major Parts Replacement History of JT3D-38 Engine (S/N 667783)

AREA OF ENGINE
Fan

1st Blades
Fan Case.

Low Pressure Compressor

4th thru 9th Blade

4%h thru 8th Vane and Shroud
7th thru 9th Spacers
Compressor Inlet Case
Compressor Intermediate Cese
Duct Compressor Front and Rear

High Pressure Compressor :

10th, 12th thru 16th Blades
10th .thru 15th Vane and Shroud.
10th thru 15th Spacers

Turbine

1st Turbine Blades

2nd thru 4th Blades '
1st Nozzle Guide Vanes (Bolt on Type)
Case Turbine Nozzle ‘

Nozzle Areas (Class) During Biuildup

1st Stage
2nd Stage
3rd Stage
4th Stage

REPAIRED

€ 3¢ < < DX ¢

¢ 3¢ ><

XXX%
. i 3

1098.8 ...
864.8 .
332.0
663.0

a ‘NWNN“"‘Ud“"‘;\‘w‘“wﬁﬁﬂ
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Table IV - Major Parts Replacement History of JT3D-3B Engine (S/N 645738)

REA_OF ENGINE REPAIRED

Fan

v»n Discharge Case
1st and 2nd Spacer .

>¢ ><

Low Pressure Compressor

4th thru 9th Stage Blades

4th thru 8th Vane and Shroud
4th thru 6th and 8th Spacer
4th Stage Air Seal-Comp. Rotor.
Compressor Inlet Case .

€ 3¢ ¢ > ¢

High Pressure Compressor —

10th .thru 16th Blade
10th, 12th thru 15th Vane and Shroud
10th thru 15th Spacer

> > 3<

Turbines

1st Stage Blades (Weld on Pins)
3rd Stage Blades

1st and 3rd Turbine Outer Air Seal
Nszzle Inner and Outer Case

2€ 5¢ D€ <
; .

Nozzle Guide Vane Class during Buildup

1st Stage - 1082.2.
2nd Stage. 864.8
3rd Stage . _ ) 425.0
4th Stage 667.0

k1 I




a smoother surface finish after the same elapsed service time. Also,
greater deposits are found in the area of a vane assembly where a
vane has been. replaced.

After parts have been cleaned and refurbished by the American Airlines
Maintenance Center the surface finish is greatly improved. Some
sections of airfoil surface are sti1l rough, especially leading edge
and pressure surface just aft of .the leading edge, but these_surfaces
are smoother than dirty parts..

The surface finishes were measured for some compressor blades after
being cleaned. The finishes would be typical of the condition of
airfoil after engine repair if the compressor-was torn down. Some
of the ajrfoils have surface finishes of 70 to 80 microinches (see.
Table VI) which.is probably causing a performance loss. In other
engine programs changing the surface roughness of the.stator vanes .
from 30 to 70 microinches has cost up to 1% in TSFC. .

Foreign.object damage (FOD) causes nicks. and tears in afirfoil which
must be blended smoothly to eliminate stress concentrations. The
blended surfaces cause a camber loss, both leading edge and traii-
ing edge, which can increase pressure loss and reduce efficiency
and pressure rise capability. The outer-50% of the fan blade span
have much blending of FOD, especially on the leading edges. Tthe
LPC blades. in.the JT3D engines also have much blending of FOD
especially in the trailing edge. One .stage may have much damage,
the next very 1ittle, as if an object stopped on the vane leading
edge and nicked the upstream blade trailing edges before prouceeding
downstream. This damage was most evident on fan blades and JT3D
LPC stages, probably because of longer service. Some JT3D engines,
however, with service routes which require fewer. take offs and
landings had 1ittle FOD.

Leading edges of blades in the low and high pressure compressor-
become blunted from the abrasive effect of dust_and dirt sucked into
the engine. As this material is centrifuged to the outer diameter
in the rear stages the wear pattern becomes localized at the tips

of the blades. In addition to the leading edge blunting, the trail-
ing edges. of JT8D high pressure compressor blades become rounded at
the tip. Reduced camber and its effect on compressor-performance
can be estimated. Changes in blade .tip shape may increase effective
blade tip clearanceand shift radial velocity profiles but this
response 1s not so predictable. Blade tips showed only very 1light
rub marks on a few stages. This is an indication that most stages
do not rub and blade tip. clearance do not increase.

A summary of visual observations of JT3D and JT8D compressor parts
made at American Airlines Maintenance Center. is presented in Table
VII.. A JT3D engine with nearly 20,000 hours service time.was torn
down and laid out for dirty inspections. Other parts for both engine
types were inspected during various stages of rebuild. ___

Dimensional checks were. also made for some of the used blades which
are typical of parts in service. A summary of the measurements
compared to present blueprint requirements of new parts {is presented
in Table VIII. Blade length has not changed. The blades showed
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1ittle sign of tip rubbing and this is confirmed by measurement. The
blade tips, however, had rounded corners. .

The measure of blade chord shows the pattern of erosion. Only near
the blade tip is the effect of erosion measurable as a loss in chord.
Actually, the blade tip chord is reduced more than the table indicates

because the measurements were made at the outermost inspection section

which.1s located 20% from the blade end.

In addition, shadowgraphs were made of the compressor blades which
were compared with the airfoil shape of new, nominal blade contours.
Figures 17 through 19 show this comparison for stages 5, 9, and 15-
of the JT3D compressor. The blades erode .at the leading edge, blunt-
ing and distorting the leading edge shape and reducing the blade
chord. In the JT8D HPC there is also. trailing edge erosion at the
blade tip. Vane leading edges at the extreme outer diameter show
signs of wear and it has been reported that.vane trailing edges are
eroded. Measurements are needed to confirm this.

The effects on performance of the deviations from new fan compressor-
parts have been estimated and are summarized in Table IX. The
varfations from new parts condition that were evaluated .were blunt
leading edges on compressor blades and lack of trailing edge camber.
on compressor blades caused by erosion, foreign object damage, and
the surface roughness of cleaned blades..

In addition, there are other observed variations from new compressor
parts that may have a significant effect on performance. The
performance decrements of the following items have been estimated. .

a) The. influence.of eroded stator. vanes.

b) The effect of rounded instead of squared blade tips with
respect. to tip sealing

c) Radial performance changes caused by blended FOD and blade
tip erosion.

As summarized on Table IX the total estimated effect of deteriorated
fan-compressor parts on engine fuel consumption was 250 and 210 lbs
per hour -for the JT3D and JTBD engines, respectively. These fuel
flow rates amount to 70 and 60 percent of the total increase in fuel
flow of the deteriorated engine over the new engine. _

Combustors

The general condition of the JT3D combustor section parts inspected
was very good. The combustion chambers in some instances require
weld repair for cracks, but there was no evidence, in the parts
inspected, of burnout or configuration distortion which would result
in a degradation of the combustor efficiency level. On some fuel
nozzle nut "faces", there was evidence of carbon deposits. However,
there was no evidence of carbon deposition in the primary or
secondary fuel orifices which would result in_nozzle fiow reduction
or fuel spray pattern distortion. —
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On several early vintage JT3D burner clamps, the resistance seam weld ..

attaching the "Touver ring" to the burmer clamp was cracked. However, .
the "louver ring" is trapped in place when the burner clamp is assem--
bled, and hence no.distortion to the aerodynamic flow path results.

Shrinkage of the transition duct outer seal, observed frequently at
combustion section inspection, permits an excess of compressor dis-

charge airfiow to be induced at the outer diameter of the turbine inlet

annulus. This excess in “cool air" produces a shift in the shape of
the average turbine inlet radial temperature profile. The result may
be a change in the measured EGT level of the engine. There is no evi-
dence to indicate that this shift results in degradation of combustion
efficiency level. '

Inspection of a typical diffuser case assembly showed no evidence of

sheet metal distortion or deterioration which would result in a change

in the aerodynamic characteristics.of the diffuser.

In summary, there was no evidence that the condition of the combustor
parts of the JT3D, most of which had been repaired at previous hot

section inspections (HSI), contributed to an increase in engine fuel
consumption rate.. .

The inspection of JT8D fuel nozzle and supports, first turbine nozzle

- guide vanes and turbine outer air seals did, however, indicate deteri-.
oration which contributes to increased fuel consumption between HSI.
The American Airlines fuel nozzles inspected showed evidence of exces-
sive carbon formation in the secondary fuel orifice. Bench flow tests
of high time (~4000 hours) nozzles as.received in the repair shop
showed flow reductions of up to 45%.in the secondary flow schedule.
Fuel nozzle flow schedule reduction.has been observed . in fuel nozzle
support assemblies. as early as 2000 hours after HSI. There was no
evidence of carbon formation in the nozzle primary orifice and flow
bench tests of the fuel nozzles have not.indicated a primary orifice
flow reduction problem..

Inspection of first turbine nozzle guide vanes with 4000 hours since
HS1. showed considerable evidence of metal burnout and.vane bowing.
The vane assemblies exhibiting the most distress were located behind
fuel nozzles having the least reduction in fuel nozzle flow schedule.
These fuel nozzles received a 'more than average" fuel flow rate,
causing the related combustor cans to operate at a higher than aver-
g?etburner exit temperature level, thus producing local turbine vane .
stress..

Another area of distress related to the fuel nozzle carbon formatfon .
problem is.the higher rate of deterioration of the turbine outer air
seal. The. distress of the outer air seal is greatest behind those
combus tors. operating at higher than average exit¢ temperature. The
deterioration results in an increase in turbine blade tip clearance, ..
as discussed in & later section of this report.
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The combustors and transition ducts inspected showed no evidence . :
of distress related to fuel nozzle flow reduction, spray cone i
distortion or operation at higher than average burner exit temper- '
: ature level. There was no evidence of combustor configuration.
deterioration which would alter the combustor aerodynamics and
degrade the combustion efficiency level.

- e S L A T A e

A summary of the direct performance deterioration as a result of .
the fuel nozzle clogging due to carbon formation is presented on
Table X. An analysis of the burner-to-burner operating differences
due to higher than average and less than average (clogged) fuel .
nozzles indicates that a combustion efficiency loss results at
cruise and lower-power operation flight points only. It is i
estimated that this loss could increase TSFC up to 0.2 percent.

The first turbine nozzle vane bowing and burning, and the dncreased
turbine outer air seal clearance result in TSFC performance.
deterioration due to rematch penalties in the turbine. The vane
burning/bowing and seal clearance degradation is greatest behind
those combustors whose fuel nozzles are.not clogged, since these
nozzles flow .greater than the average fuel flow rate and produce

i greater than average turbine inlet temperatures.

Turbines

A visual inspection was made of typical .American Airlines JT3D and

: JT8D deteriorated engine turbine parts. The observations pertain- -
; ing to the turbine were primarily concerned with the condition of

; those parts whose surfaces are scrubbed by the primary gas stream.
The visual comparison of incoming and outgoing blading, clearly
1nd1$ated the turbine receives concentrated attention during shop
repair.

Table XI summarizes the results of the visual inspection pertaining
to airfoil shape. As noted, hot-spot damage -was observed in both
the JT3D and JT8D engines. The damage, bowing and/or burning was
restricted to the first vanes. Burning was not.observed in the JT3D.
Foreign object damage was not evident ?n either engine. Leading
edge distortion was minimal and in most cases limited to the blade .
tip section just inboard of the shroud. Trailing edge distortions,
thinning or blunting was not visible to the maked eye. Surface
erosion was noticeable and concentrated at the root and tip sections.
of both.vanes and blades. These results suggest that on replace- -
ment of burned and or bowed vanes, the loss in turbine performance
associated with airfoil shape would be, excluding the effect of
surface roughness, returned to nearly that of a new turbine. Since.
subtle deviations in airfoil shape not visible to the naked eye can
affect performance,.samples of typical blading were subjected to -

surface contour and roughness measurements.. The results will be.
discussed later.
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Table XI - Turbine Airfoil Shape Observations

Distortion
Leading Trailing . Surface

Vane: Vane-

Component Burning Bow F.0.0. Edge Edge Condition

High .Press. Yes Yes. None Thinning None. Light erosion

Turb, JT8D oniy noted near- concentrated
tip shrouds . at blade tips

Low Press.. No ' No None None to None Light erosion

Turbine thinning concentrated
noted near - at vane I.D.
tip shroud pressure side

0.D. suction
& pressure side

The observations of those surfaces forming the outer and inner contours of
the turbine flowpath (platforms and shrouds), the rotor shroud knife edge
seals, and the blade firtrces are summarized in Table XII. Moderate to
heavy platform shingling was noted in the first vane row, in particular
distress opens leakage
flowpaths which allow either primary flow to bypass the row or secondary
flow to enter the primary stream. A performance penalty results in
either-case by reducing the potential and kinetic energy levels of the
gas stream leaving the first vane row. The shrouds in all rows observed
showed evidence of heavy shroud notch repair suggesting that between

shop repairs some performance may be lost by leakage through the shrouds
and the variations in rotor flow area (stage reaction) due to twisting
under the application of gas loads. The knife edge seals observed showed
signs of wear and damage which appeared to be the result of shroud notch
repair. Leakage through the firtrees was also visible especially in the

the outer platforms of the JT8D. This type of

area of the blade retaining rivet.

Table XII Turbine Flowpath Observations

Vane & Blade
Platforms

Firtrees

Rotor-Tip
Knife Edge Shrouds
Component Seals ) Rotor
High Press. Evidence of Heavy wear .
Turb. stationary & shroud
knife edges notch
rubbing rotor . repair noted
shroud -
Low Press... Elements of Heavy wear &
Turbine knife edges. shroud notch
front & rear repair noted

show signs of
wear-& squared-
off edges
*especially JT8D 1st vane 0.D. platforms

Heavy platform* Evidence

shingling,
evidence of
leakage thru
& around
platforms

Condi tion good

of flow
thru

Evidence of ..
flow thru
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| The observations noted in Table XII suggest._that leakage paths exist
: resulting in the loss of working fluid from the primary gas path, and .
P these should.be considered as sources of performance deterioration.

In summary the visual observations lead one to conclude that:.

1. The performance deterioration.associated.with airfoil contour
variations {s non-existant or minimal.

2. On shop repair the performance loss attributable to shroud
leakage and blade. twist 1s recovered. ..

3. The leakage paths associated with platform shingling, knife edge ' -y
seal and firtree wear may not be removed during shop repair and
should be considered as sources of progressive turbine deterioration.

Samples of the JT3D and JT8D turbine blading described as being typical.
of deteriorated engines were subjected to dimensional inspections that .
would_provide data to.determine the extent of deviations in

., airfoil contour .

..surface finish

..blade shroud knife edge height

Since the inspections were limited to a small sample size (2 rotor
blades of each stage of both JT8D and JT3D), the results can only be
used to identify 1ikely sources of.performance loss that should be.
subjected to further investigation..

Airfoil contours were taken at three spanwise stations by the shadow-

graph method. The working shadowgraphs were 20 times size. A typical.
example, reduced in size .is shown in figure 20.. The shadowgraph -
analysis concentrated on identifying variations in ]

. leading & trailing edge shape
. surface curvature

. trailing edge diameter

. gaging distance

. stagger angle (twist)

The shadowgraph analyses have verified that the airfoil contours of
all the sections inspected were within the allowed tolerance band,

indicating that .any change of the airfoil contours during operation . 4
and overhaul is minimal. '
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Figure 21 summarizes the results of the JT3D shadowgraph analysis.
Shown are the.variations in blockage resulting from variations in.
trailing edge diameter -and the impact of the variation on turbine

performance assuming the blade contour was nominal when new. Note
also that the change in rotor flow areas (from nominal) due to the
combined effects of variations in surface curvature, trailing edge .. ... ..
diameter and stagger angle were found to be small, imposing a . i
minimal effect on turbine performance..

The results of the JT8D shadowgraph analysis are summarized in
figure 22, As shown the deviations noted were, as in the case of
the JT3D, found to be small having little impact on turbine ¢ v
performance. One may conclude. from the shadowgraph analysis that

engine deterforation cannot be attributed to the loss of turbine

airfoil shape through the effects of erosion and/or reworking of .i
the airfoil surfaces during repeated repairs. ‘

The amount of roughness considered admissible is that maximum height
of a roughness element which causes.no increase in drag over that of
an aerodynamically smooth surface.. The effect of roughness is.
different depending on whether the surface boundary layers are
turbulent or laminar. In the case of a turbulent layer, roughness

; increases the drag when the. roughness elements penetrate the laminar
- sublayer. In the case of a laminar boundary layer, roughness causes
; ?he d;ag to increase by shifting the_transition zone toward the lead-
| ng edge.

! The critical roughness is the minimum height of a roughness element

i which causes transition to move forward from its smooth surface

; position.. Also the drag of an airfoil experiencing laminar separation
! would decrease when the roughness element exceeds the critical value

} since transition to a turbulent boundary layer would result, increas-
i ing the capability to withstand a larger adverse pressure gradient. .
Since turbine airfoils have turbulent boundary layers on the major .

g portion of their surface, the admissible roughness as defined by

H. Schlichting may be used as an. indicator of performance.changes

due to surface roughness.

The surface roughness of a set of JT3D airfoils were measured using
| a Micrometrical Manufacturing Co. Profilometer, and the results are
| shown in figure 23. On comparing the measured and admissible roughness.
; one may conclude the turbine performance deterioration due to surface _ .
] roughness is restored on shop repair and cannot be a contributor to
| ] the_progressive_increase in engine deterioration. _

| { The change in knife edge height induced by rubbing and/or erosion was |9
determined by measuring the radial distance between a known. reference
plane (z plane) and the tip of the knife edge and comparing the measure-.
ment with the nominal. blueprint vatue. Again the sample size was small
hence the results can anly be used as an indicator of a problem.

s
L
3
¢
:
i
!
:*:

Figure 24 contains a summary of the results of shroud knife edge wear.
Note that in the case of the JT8D the measured variation in radial height
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was comparable to the allowable tolerance band, suggesting little
reduction in knife edge height. However, the comparison of JT3D
radial heights indicates that the second and third stage knife edge
seal heights are reduced considerably from nominal. These data sug-
gest that tip leakage control may be marginal in the JT3D low pressure
turbine and therefore a contributor to the. noted progressive deterio-
ration in engine performance.

The leakage of burner discharge flow.around the first turbine vane or .
through case flange seals is handled on a cycle basis and represents

a loss in turbine working fluid which impacts the turbine efficiency
through Mach number and incidence losses induced by the increase in
expansion ratio required to meet shaft work requirement. ..

Figure 25 summarizes the impact of the observed deviations on engine
fuel consumption. Note that the sum of the individual penalties

- results in a fuel .flow increase that is a small percentage of the

total fuel flow increment of an. average engine (1i.e., about 15 per-
cent for both the JT3D and JT8D engines).._

Seals & Clearances .

Another-area considered worthy of evaluations during the study was the .
various gas path potential leakage areas. Initial evaluation of AA
test cell data had indicated that losses throughout the engine could
have pronounced effect on TSFC. Particular attention was directed at .
areas between the output from the high compressor -and the inlet to

the high turbine.. Detail measurements. were taken.on JT3D and JT8D
engines' internal seals and clearances throughout the gas path.
Appendix I summarizes the results of these activities.. In addition,

a review of repair practices was made to determine the extent of recon-
ditioning of high pressure flanges.

In general, the information indicates that seal dimensions are main-
tained in accordance with P&WA Overhaul Manual. However, seal measure-~
ments obtained from JT8D.disks in storage with only a few cycles left
indicate that in several instances.one or more knife_edges.of the 13th .
stage HPC inner-airseal exceed the manual 1imits and hence should re-
quire reworking. Also, the first turbine inner front seal min/max
1imits exceed the blueprint 1imits by .010". In addition, information
provided for turbine inner airseals shows that the seals are often

burnt or curled, indicating that seal clearances have increased with
engine operation.

In order-to determine what impact seal tolerances could have on engine
performance, the secondary flow system for-the JT8D engine was. analyzed.
The secondary flow system was evaluated for a cruise flight condition.
with compressor and turbine labyrinth seals having minimum, nominal,
maximum and replace 1imits. The analysis was made for a cruise flight
condition with nominal gas stream pressures and.temperatures, and
estimated hot seal clearances.
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and replace seal 1imits shows that the secondary flow. increases 15%
with replace seal clearances, which results .in_a performance penalty
of approximately 10 pph fuel _flow at crutse. This comparison is T
presented only to estimate a maximum possible.performance effect. . ‘
The detail measurements of selected parts and general observations
tend to show that seals are not at replace limits.

! ;
| A comparison of the secondary cooling flow with nominal f
!
{
!
!

‘ Inspection of a small sample of American Airlines JT3D and JT8D

¢ turbine blades was made to determine the change in blade knife edge — ;
‘ height. In.the case of the JT8D, measured variation in blade knife SR
edge height were small. However, the data indicated that the second

and third stage knife edge heights are reduced considerably from

nominal in the JT3D engine. The results.suggest that the tip clear-
ance control may be a contributor to the long term engine deterioration..
Again, the sample size was small, hence the results can only be used

as. an indicator of a.problem.

Detafled measurements of rotor tip clearances are not available, there--
fore, the absolute .value of performance reduction cannot be assessed.

! : However, it should be noted that a 10 mi1 clearance increase in the

' outer air seals for the JT3D and JT8D engines will result in fuel flow

; increases of 25 to 60 pph respectively..

! Photographs and/or detailed measurements are not available to document

o the high pressure flanges in the JT3D and JT8D engine leakage

o observations. They are the result of a visual inspection of a small
sample of overhaul engines. The engines were examined at American
Airline overhaul facility. Leakage patterns were observed on incoming.
JT3D engine high pressure flanges. Subsequent investigation of other-
JT3D engines showed variation in leakage indications from engine to .. = ___
i engine. Generally, the flange areas showed varying amounts -of dis-.
§ coloration in the flange area believed to be caused by leakage.
‘ 2?wever. some_JT3D engines showed no indication of leakage at the

langes. .

The JT8D engines that were examined resulted in a different set of

‘ observations.. The high pressure flanges did not show_the discoloration.
| patterns that were observed in the JT3D. The outward appearance of

2 the JT8D flanges does not indicate a flange leak but this lack of

i indication does not necessarily mean that flange leakage is.not present.

Quantitative evaluation of these observed. flange leakage indications.
! is not possible without additional data. It is important to note,.
however, that these leaks are present and could have a significant
effect on performance. It is difficult to assess the impact on long
term deterioration but 1t is felt that the overhaul procedure tends
to.result in a consistent, regularly applied approach, which results
in small varifations from overhaul to overhaul.

T g R P R S e T
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A summary of the effect of seal leakages and tip clearance on the
engine fuel flow is presented in Table XIII. The fuel flow increases
are also presented in terms of the percent of total fuel flow
increase of a deteriorated engine. Seals and clearance contribute
10 to 20 percent of tpe total engine deterioration.
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Material Cansumption/Repair Rates - Support in analyzing general perfor-
mance deterioration can be obtained from reviewing the consumption of
material used in repairing engines. This data base should consist of
the average scrap rates for material from the gas path, per engine re-
pair, averaged over a sufficient period. of time to cover_several repairs

per engine.

Detailed records were reviewed of the scrap rate, outside service repair
volumes, and material consumption data for-gas path parts. Reviewirg .
the compressor-and turbine airfoil scrap rate and estimated wear-out
1ife, showed large variation in observed 1ife. Observed 1ife 1s the
number of hours flown by all engines times the number of blades/vanes.
in the stage divided by the total number scrapped for that stage.

Tables XIV & XV show the scrap rate and estimated wear-out 1ife for

fan and compressor-blades of the JT3D and JT80. The large variation

is. indicative of the following:

a. The stages with low scrap rates have minimum structural
prablems, may be difficult to get to and/or are large
enough to be_repaired several times before they are
scrapped.

b. The stages that have a higher scrap rate are subject to
failure or are not economically repairable.

The tendency is for larger parts to be structurally stronger and more
repairable. The lack of inspection provisions in both.JT8D and JT3D
and considerable cost of disassembly of the compressor sections, pro-
duces reluctance to disassemble either unit unless stall problems, disk.
time or visible damage makes such a disassembly necessary. Further, to
minimize the cost of repair, parts that meet the rather broad overhaul
and repair manual limits are reused. These 1imits were developed with-
aut special consideration for the. performance impact of the repairs. ..

Tables XVI, XVII & XVIII present the same type of data for stationary
airfoils - vanes and turbine nozzles as well as turbine blades.. It is
noticeable that low pressure compressor vane assemblies are not repaired
and very 1ittle scrappage is noted. Consequently, it is reasonable to
assume that they are not in good shape from a performance standpoint.
The type of repair undertaken on turbine nozzles and blades subject them
to a. restampingoperation which aids in ensuring proper blade twist. .
Such 1s not the. case in compressor blades as twist is not measured.

Repairs to stator -vane assemblies in general consist of replacement of_.
individual. broken vanes .and restoration of seal surfaces. Wholesale .
replacement. of vanes is not undertaken except in specific cases.

The general conclusion to be drawn from this review is that, based on
scrap rate and repair rate information, the probable major long term
performance losses can be mainly associated.with non restoration of fan
and compressor aerodynamic blading.
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Table_XIV. - Scrap rate and estimated wear-out 1ife

ITEM
1ST FAN BLADE

- 2ND FAN BLADE

I—M»

1ST FAN BLADE

2ND FAN BLADE

in 1972 and 1973 for fan blades of the . .
JT3D and JT80 engines.

JT8D

TOTAL ENGINE HOURS 1,599,767

NUMBER _SCRAPPED OBSERVED LIFE - HOURS
1,864 * 24,000
658 * 100,000
JI3D

TOTAL ENGINE HOURS 2,362,376

NUMBER _SCRAPPED OBSERVED LIéE - HOURS
187 -.400,000

* APPROXIMATION DUE AVERAGING TWO DIFFERENT ENGINE MODELS
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Table XV. - Scrap iate'and estimated wear-out 1ife
in-1972 and.1973 for compressor blades
~of the_JT3D and. JT8D engines.

JT3D TOTAL ENGINE HOURS - 25362:376 JT8D TOTAL ENGINE HOURS - 1;599:767 . ;

| ITEM  # SCRAPPED HOURS ITEM  # SCRAPPED HOURS - e
| Low Pressure Compressor Low Pressure Compressor
4TH STG. 4,828 25,000 3RD STG. 785 130,000
5TH STG. 1,929 . * 80,000 . 4TH STG. 1,171 85,000
6TH STG. 898  * 190,000 5TH STG.. 1,522 67,000 .
7TH STG. 3,028  .* 68,000 6TH STG. 5,489 . 18,000
8TH STG.. 7,234  * 32,600 © High Pressure Compressor -
OTH STG. 6,394 37,700 TTH STG. 2,613 36,700, ,.,.
High Pressure Compressor 8TH 5TG. . 2,040 45,400 ."a
10TH STG. 7,205 23,900 _ 9TH STG. 4,626_ __ 20,700 e,
11TH STG. . 8,086 21,900 ~ 10TH STG. 4,405 23,200 . “
12TH STG. _.7,509 23,600 NTH STG. 6,074 18,400  _ . )
13TH STG. 8,697 20,300 . 12TH STG. . 8,953 _ 14,300
14TH STG. 10,194 19,700 13TH STG. 6,245 18,900 "
15TH STG. 9,276 21,600 | 1
16TH STG.__ 7,236 25,100 |

*APPROXIMATIONS DUE AVERAGING TWO DIFFERENT ENGINE MODELS.
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Table XVI. - Scrap rate and estimated wear-out 1ife.
in 1972 and 1973 for compressor vanes
of ‘the JT8D engines.

JT8D
TOTAL ENGINE HOURS 1,599,767

ITEM NUMBER SCRAPPED OBSERVED LIFE - HOURS

Low Pressure Compressor

ist Stage 450. 181,307
2nd Stage _ , 51 . - 1,976,182
3rd Stage ' 177 60,477
4th Stage 303 . 395,982
5th Stage 13 123,059

High Pressure Compressor

7th Stage 18. . 88,876

8th Stage  _ 44 36,358
ch Stage o 23 . 69,555
10th Stage AN 94,104
11th Stage 25 . 63,991
12th Stage _ : 9 177,752
13th Stage | 5 319,953

‘Note: Stages 1 thru 4 are individual vane assemblies whereas stages
5 thru 13 are segmented assemblies.
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Table XVII.- Scrap rate and estimated wear-out 1ife
in 1970-1973 for turbine blades of the
JT3D and JT8D engines,

TOTAL ENGINE HOURS - 3,126,701

ITEM NUMBER SCRAPPED  OBSERVED LIFE - HOURS
1ST HPT BLADE 17,712 | 14,100
2ND LPT BLADE 5,148 . 53,400
3RD LPT BLADE 3,990 73,000
4TH LPT BLADE | 1,899 . 120,000
JT3D

TOTAL ENGINE HOURS - 4,940,396

1ST HPT BLADE. 61,173 10,500
2ND LPT BLADE . 10,952 ) 52,300
3RD LPT BLADE | 9,986 o 53,400
4TH LPT BLADE | 3,364 100,000
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Table XVIXI.. - Scrap rate and estimated wear-out 1ife. )
in 1970-1973 for turbine vanes of the .. 1
- JT3D and JT8D engines. . k

JT8D

TOTAL ENGINE HOURS - 3,126,701

ITEM NUMBER SCRAPPED  OBSERVED LIFE - HOURS

1ST HPT VANE. 18,536, 7,835

2ND LPT VANE 4,543 65,000

3RD LPT VANE . ” 2,158 101, 500 i

4TH LPT VANE 4 1,240 195,000 i :
‘1
]

A 1]

TOTAL ENGINE HOURS - 4,940,396

H
! !
g 1ST HPT VANE. N 6,216 50,000 ‘
o 2ND LPT VANE 834 > 400,000 }: 9
3RD LPT VANE - 978 2400, 000 b
4TH LPT_VANE | 1,068 2300, 000
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Study of Performance Deterioration Utilizing En ine Simulation Decks -

e possible sources of increased Tue consumption due to engine deter--
joration were investigated for .JT3D-3B and JT80-9 engines using engine.
simulation computer programs. The programs were used to determine the
sensitivity of engine fuel consumption to deterioration in each compo-
nent. Specific deteriorated engines were also simulated and test cell
trend curves. were analyzed in an attempt to isolate the components con--
tributing to the increased. fuel consumption..

The effect of an arbitrary amount of deterioration in each component on
the fuel consumption was estimated. The resulting sensitivity factors,
in terms of fuel consumption increase due to component efficiency loss,
flow capacity loss, leakage and seal clearance change are given 1in
Figures 26 & 27 for the JT3D-3B" and JT8D-9, respectively. These
factors indicate which component(s) could have the most effect on fuel
consumption if they experience deterioration. If-any of the most in- -
fluential components are in poor condition, they would be prime can-
didates for improved repairs or increased parts replacement. to improve .
fuel consumption. Conversely, these factors can be used to screen out
the components that have little influence on fuel consumption and there-
fore do not require further attention.

The following conclusions were drawn from the analysis of the sensi-
tivity factors:

1. High compressor-and high turbine flange leakage have a very
significant effect.on fuel consumption. The.effect of flange
leakage is.greater in the JT3D than it is in the J78D. This.
difference exists because the leakage flow in the JT3D goes
uverboard and the leakage flow in the JT8D goes into the fan
duct and still contributes to the nozzle fiow. .

2. Fan hub.and low compressor flow capacity loss (by themselves
without an efficiency loss) have a significant effect on
fuel consumption since the resulting reduction in core flow
requires higher turbine temperature to_maintain the same EPR,
hence. higher fuel consumption.

3. Loss in fan efficiency, compressor efficiency, turbine effi-
ciency or increased leakage in the turbines requires the
engine to run to a higher turbine temperature to maintain.
the same EPR, causing an increase in _fuel.consumption.

4. Fan tip flow capacity loss.(by itself without an efficiency
loss) results in increased fan speed which forces the low.
compressor -to pass more. flow. The increased core-flaw re-
sults in a reduction in.turbine temperature and fuel flow.

5. Deterforation of the high compressor flow capacity increases
rotor speed, but has 1ittle effect on fuel consumption be--
cause there is 1ittle change in the high compressor and high
turbzne efficiency associated with the increase in high rotor
speed.
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For reasons related to the parts inspection, the fuel consumption sensi-
tivity to low compressor deterioration was analyzed in more detail.
Figures 28 and 29 show the effect of primary flow and efficiency loss. .
due to Tow compressor deterioration on the mevsured parameters of the
JT3D and JT8D. While the low compressor deter!oration, by itself, dces.
not duplicate .the shift in the measured test cell parameters, it does
indicate that a significant increase in fuel consumption can result from
degradation of this..component. Differences between the.JT3D and JT8D
fuel flow increases, low rotor speed shifts, etc., were found to be due
to the "matching" differences between a separate.nozzle (JT3D) and a
common nozzie (JT8D) engine. As shown in Figure 30, a reduction in low.
compressor flow capacity and efficiency in the JT3D-3B causes a reduc-
tion in low compressor -flow and pressure ratio plus an increase in fan
pressure ratio and total flow along the original fan operating line.

In the JT8D, which.has a single nozzle for-both streams, the “rematch"
is governed by the static pressure balance in the tailpipe. In this
case, loss of low compressor flow capacity and efficiency causes some
of. the core flow to shift to the fan.stream which increases the bypass.
ratio at. about the same total flow. As shown in Figure 31, the fan
pressure ratio increases. The fan pressure ratio increase is necessary
to offset the effect of the. increased fan flow. An increase in fan

flow without a fan pressure ratio increase would produce a higher duct
Mach number and too Tow a static pressure in the fan duct section of
the tailpipe, but the increased fan. pressure raises the.static. pressure
in the. tailpipe so that it is equal to the level of the static pressure
in.the engine stream in the_tailpipe.

The test cell data shows about. 350 pph fuel. flow.increase in both
engines or-about 4.0% fuel flow increase for-the JT3D and JT8D. In
order to determine the cause of increased fuel consumption, test cell
data of specific engines with approximately average performance were.
analyzed with the .aid of ‘computer simulation programs. It became.
apparent that the test data, which is shown on Figures32 and 33,
could be simulated by many combinations of component deterioration.
For example, an efficiency loss of one component could.be “traded" for
an efficiency loss of another component.with no change in the measured
parameters. This anomaly is due to the paucity of parameters measured.
in production engines. Since component temperatures (TT2.5, TT3 and

TT4) and fan pressure (PT2.5) are not measured, the changes in the com~ _

ponent characteristics could not be determined uniquely.

Component condition was then used to narrow down the possible sources
of deterioration. Parts inspection and analysis indicated that the fan.
and compressors receive significantly less attention in the repair shop
than the turbines do. (See compressor, turbine and seal sections. of
this report for a detailed discussion of parts condition.) Simulation
analysis. shows-.that the fuel consumption increase and most of the
changes in the other measured parameters can be explained by reascnable
losses in fan and compressor flow capacity and efficiency. Various com-
binations of fan and compressor deterioration will yield the same shift
in measured parameters, for-the same reason given previously, that is,
too few parameters measured. Some of the possible combinations of fan
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and compressor deterioration that will line-up average deteriorated 30
and 8D engines are given in Figures 34 and 35. Test cell trend curves
did show about a 2% and a 3% decrease in turbine expansion ratio (PS4/
Pt7) in the JT3D and JT8D, respectively. This decrease in turbine -
expansion ratio can only be attributed to a loss in turbine performance
(efficiency or leakage) or an increase in 1st stage turbine nozzle area.
Therefore, while the fan and compressors are considered to be the major
causes of the.fuel consumption increase-(based on parts condition) the
turbines must contribute some to_the fuel .consumption increase.

As a cross-check on the assumption that fan and compressor deterioration.

is the major cause of the observed performance losses, an attempt was
made. to simulate the performance loss assuming only turbine deteriora- .
tion. The fuel consumption increase was assumed to be the result of
equal_amounts of “deterioration in each turbine as.indicated in Figure
36. The results of this analysis showed that the turbines by themselves
cannot explain the deterioration.. The turbine deterioration required

to produce the observed fuel consumption increase would result in a loss
of low rotor speed of about 99 rpm in the JT3D .and a loss of about 209
rpm in the JT8D, as shown in the figure.. Test cell data shows that
there is little or no change in low rotor speed. Therefore, the in-
creased fuel consumption must.be the result of at least some fan and
compressor deterioration. It could be.argued. in the case of the JT3D
that all the deterioration could occur in the high pressure turbine
without any significant.change in low rotor speed. (Note the subtotals.
in Figure 36.) If this were the case, however, the.result would be a
large drop in high rotor speed (over 300 rpm) which the test data. shows.
does not.occur.. . :

Cost Vs. Performance Improvement Trade-Offs - Maintenance policies in
the airlines have permitted the Tong term gradual increase in engine
fuel consumption as a direct result of efforts to reduce aircraft oper-
ating costs. Engine material represents such a high proportion of both..
engine and overall aircraft maintenance costs that substantial engi-
neering efforts on both the part of the airlines and the engine manu~.
facturers have been expended in reducing material consumption. Past.
airline economic studies concerning the cost to recover-the increase in
engine fuel consumption have invarfably resulted in the conclusion that
the cost for new material would exceed any estimable savings from re-
duced fuel consumption.

Several economic factors have changed in the last 18 months_which sug-
gest that these conclusions are no longer valid. The first factor is
the rapidly increasing cost of fuel and reduced or threat of reduced
supply. The .second factor i{s the improved understanding of the economic
relationship.between engine repair. standards and the resulting average
time between engine shop visits. ..

The deterioration in engipe specific fuel consumption performance has:

. increased the consumption of hot section parts due to
increased operating temperatures
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. increased the number of engine removals.for high EGT and

. increased the operating expense through increased trip
fuel burn

Historical engine maintenance cost records strongly suggest that long
term efforts to reduce the cost of engine repairs. have resulted in de-
creased time between shop visit and long term increases in hourly oper-
ating costs. It seems reasonable to expect that careful investment in
parts restoration or replacement over and above current levels can
reverse not only fuel consumption performance_trends but also removals.
associated with engine stall and excess EGT. These factors along with
increased. hot section parts 1ives should lead to improvement in engine
premature.removal rates and resulting reduction in shop volume. The
economics associated with engine performance recovery should consider
the investment in engine material replacement or restoration. against
the benefits of lower fuel consumption and increased time between engine
shop visit for-repair-(yield). In this.respect, there are few hard
technical facts .to use as proof. There is insufficient information
available as to the impact of specific repairs or specific part replace-
ments.on overall engine performance.. Secondly, the impact of “increased
depth of engine restoration on average engine time between repair
(yield) can only-be_uncovered by analyzing years of engine repair cost
data with knowledge of the trends in build standard, modification pro-
grams. and maintenance program philosophies (i.e. overhaul to scheduled
shop visit to condition monitored maintenance) ..

The test program planned will provide answers to the effect of specific
parts. replacements and refurbishment on engine performance. It will
obviously not provide the information needed to estimate incremental
increase in time between overhaul/repair. These estimates will need

to be based on analysis with “guesstimates" as to the relationship
between engine performance and build standard improvement and TBO/yield.
This proof of yield improvement will require several years to develop
and until such proof is developed, the airlines will have to proceed on
the basis of engineering judgement and faith that since new engines run
longer, a better repaired engine will also run longer. It is American's
experience that for-both. the JT8D and JT3D increased yield does result
from modest increases in engine repair costs. Figure 37 shows this
concept in graphic form. As the cost per-rerair is in.ceased the time
between repair increases. Obviously, there is a .level where too little
restoration is_accomplished &nd also a level where too much material
replacement is undertaken. The optimum, however, appears to be at a
level that is higher than today's cost per repair vhich would result

in lower engine maintenance cost per future operating hour. . .

In the American Airlines back-to-back .testing of the.JT8D, discussed
earlier, a 1.9% reduction .in TSFC was measured.after replacement of the
8th, 9th and 10th stage compressor blades with new blades. The material
cost, $3853, $882 and g782 per stage respectively, amounts to an invest-
ment of $2522 dollars in.new material.. Average current new material
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cost per average repair for these three stages 1s $360. Additionally,
current average blade repair maintenance cost 1s $718. Both expenses
were avoided thereby reducing the net additional cost to $1444. Assum-

ing an average cruise fuel burn of. 500 gallons per engine hour and a 30 .

cent per gallon fuel price, then if the 1.9% TSFC improvement applied
to the altitude cruise condition, it would produce the following result:

Savings = Fuel Flow x. SFC x $/Gallon = §/Hour
Savings = 500 x .019 x.$.30.= $2.85/Hour -

The payback period for this investment is computed as follows:

Payback Period Investment $

Savings $/Hour

Payback Period = .$1444 = --506 Hours
2.85 $/Hour-

The imprevement in TSFC-should last for some extended period of oper-
ating _time. The knowledge of-how rapidly compressor blades lose perfor-
mance is sketchy and requires detailed analytical and experimental
studies, however, theirperformance appears to deteriorate slowly

for the first 5,000 flight cycles based on examination of high time
compressor blading. A measurable improvement in overall operating

costs is therefore obviously potentially available. Further, exhaust
gas temperature was reduced by 8°F decreasing turbine inlet temperature
by 12 to 13°F. This reduction would have an additional beneficial
impact on hot section parts 1ife.

The parts scrap rate information, discussed earlier, provides indication
that there is non-uniformity in replacement rates in the various stages
of the compressors. By readjusting blade and vane acceptance criteria,
it should be possible to obtain a more uniform and somewhat more effi-
cient compressor. Table XIX compares .current maintenance costs to cost
for-an assumed 25,000 hour scrap life for blades and vanes in the low
compressor and fan and 20,000 hour scrap 1ife for high compressor parts
of the JT3D-3B. If blade scrap rates of 100% scrap per 25,000 hours for
LPC'blades and vanes and 100% scrap per 20,000 hours for HP compressor
b]qdes and vanes can.be substituted for current low scrap plus high re-
pair-procedures, the incremental material cost for gas generator-com-_.
pressor parts excluding fan would btz increased by (1.322 - .598) +
(1.169 - 1.159) = $.734/hour. This amount of increased hourly cost
would be supported by a reduction.in JT3D-3B TSFC at cruise conditions,
with 30 cent/gallon fuel, of 0.5% or less than 3 gallon. per engine hour.

Table XX presents the same comparison. for the JT8D. The incremental

cost for the same policy would increase JT8D material costs by (0.514 - -

0.337) + (1.575 -~ 1.747) = 0.005$/hour or essentially zero increase 1in
hourly operating cost.. The replacement or repair of fan blades and

stators under the same policy would raise operating costs from 0.72 to
1.005 dollars per operating hour. These changes in repair versus scrap

4




i

|
|
]1
3!
1
i
i
i

policy could lead .to substantial recovery in performance. While these .
examples are only estimates of the change in material expense for put-
ting more uniformity in compressor condition.than currently in practice,
the performance pay back in terms of reduced fuel consumption could be
1% or more. If fuel consumption performance improvement .of only modest
proportion is achieved, pay back would be.quite rapid.

American Airlines consumes 1 billion.gallons of fuel on an annual basis

in its fleet of .707_and 727 aircraft. The average increase of fuel burn

for all engines .due to deterioration amounts .to 4% over initial new
engine average performance.. The excess .cost of this burn of 40 million.
gallons based on 11¢/gallon fuel 1s 4.4 million dollars; however, on
30¢/gallon fuel the excess cost is 12 million dollars annually. Some

of the excess fuel consumption is due to factors associated with.short
term performance deterioration. The bulk is in losses accurring over
the long term and believed to be erosion-dominated performance losses.
The estimated performance losses accounted for in the compressor section
is 60 to 70% of the total or 2.4 to 2.8%. The potential recoverable
excess consumption is therefore between 24 and 28 million gallons per
year. Performance recovery testing by AA on compressor repairs has
demonstrated 1% on the Spey and 1.9% reduction in TSFC-on the JT8D at
modest cost.. The unfortunate.fact is that records were not maintained
on the condition of the parts removed so the improvements may or may not
be applicable to other engines of the same type. HNonetheless, there.
appears. to have been sufficient, although limited, success in making

SFC improvements to warrant further research .into the TSFC effects of .
compressor blade and vane replacement and/or repairs to determine the
most cost effective approach.

- Current investment in JT8D maintenance costs .amount to an average of

fifty thousand dollars ($50,000) per average shop visit of which
$25,000 1s material. Doubling the average amount of gas.path com-
pressor material replacement would increase the per-shop visit costs

by roughly $7,000. The increased repair activity in the compressor
sections should lead to lower fuel _consumption and to improved.turbine
inlet and.exhaust.gas temperature. These of themselves should reduce.
premature removal rates for both stall and high EGT. :

During 1972 and 1973, 524 JT8Ds were repaired by AA. O0f these, 130 were
removed for high EGT and stall, with 28 .removals coming at.less than
1000 engine hours since.last shop visit. Engine operating hours. for
this time period were 1,600,000. Average time between shop visits for
the period was. 3055 hours. If the.28 low time and half of the high
time removals, 50, for high EGT or-stall. could have been avoided, then
the average time between repairs could have. increased to 3580 hours.

If 524 engines were repaired at $50,000 and ran 1,600,000 engine. hours
or 446 at 357,000 ran the same hours the cost per engine hour is $16.40
for the first case and $15.90 for the second case. The net reduction
of $0.50 per hour is.worth $800,000 in savings exclusive of any savings
in reduced fuel burn. If a 1% savings in cruise TSFC had beén achieved
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by the increased compressor activity, the savings of fuel would have
amounted to 8.6 million galions for the two year period. The inclusion
of increased yield from work on engine performance recovery is an
intimate part of performance recovery economics.

The assessmeht of cost effectiveness would be based on a Performance
Improvement. Tradeoff Eactor which is. defined as follows:

P.I.T. Factor = Wf xASFC x $/Gallon x K - Incremental Cost ,
P.L. x Fit, Hr./Cycle .

Where: Wf is current engine fuel flow at cruise conditions in gallons/
hour

LASFC is. the improvement in cruise thrust specific fuel
consumption .. ..

.$/gallon is anticipated or actual fuel cost .

.K is the impact of SFC improvement on fuel_consumed to
carry fuel

.Incremental cost. is the additional expense arising from.
the introduction of new material or more completely re-
paired material over-and above standard airline repair-—

.P.L. - estimated.average flight cyclic 1ife at new part
performance

.F1t/Hours/Cycle - is .the average flight hours of the .
aircraft per flight o

The P.I.T. factor for the JT8D compressor parts replacement example
would be .calculated as follows:

P.I.T. = 550 x .019 x .30 x 1.10 - _1444
*5000 x 1.2

3.14.--.24 = 2,90

2.90 $/Hr net decrease in operating cost

*5000 flight cycles is AA estimate of compressor blade cyclic
1ife before pronounced effects af erosion are present.

Any positive number is an overall operating cost .savings.
Any negative is a loss in dollars per engine operating hour.
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Figure 37. Hypothetical Trend of Achievable
Cost Per Operating Hour
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Table XIX.. - Current Maintenance Cost Vs. -
Fixed Scrap Rate Cost for

JT3D-3B
e TRt {00 e
Mat'l Mat'l + Repalr Material
Fan : @25,000 hours.
Bledes . 0,022 . 0.226. 1.053%%
Vanes. 0,010 0,010 0,365
0,032 0.236. . 1.418 -
LEC
Bledes.. 0.270 0.389 . 0.459
Vanes . 0.03% ' 0,209 0.863
30k .598 1.322 .
HPC ; @20,000 hours
. Blades 0.233 0.793 . 0.306
Venes ©  0.169 0.362 _ 0.863
| 0.402 1,159 1.169

*RepairS'costsmareAadjusted to a 1974k fully alloceted lebor cost of
$23.94/nr,

**Fan Blade Restoration by Electron Beam Weld replacement of Leading
Edge 100% blades every 25000 hours = 0,295 $/hr. -
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Table XX, -~ Current Maintenance Cost Vs.
Fixed Scrap Rate Costs. for.

JT8D-9 j
Current Expense . $/Hr of #
1974 §/Hr x 100% New o
Mat'l Met'l + Repair™ Material
Fan @25000 Hours )
Blades . 0,100. 0,312 0.584 "1
Vanes .063 200 21 | !
0,163 521 1.005 : ":
Low Pressure. o
Compressor . ' 4
Blades. 0,155 0.216 0.207 |
Vanes O.OLI-:Z 0.121 : 0.307 ' ¥
0,202  0.337 0.5k
High P.reésura ;
Compressor : @20000 Hours
Blades 0.346 0.8k 0,377 __ .
0.557 1.7HT 1.575
*Repair costs are adjusted to a 1974 fully allocated labor cost of. ' ]
$23.94/nx,
**pen Blade Restoration by Electron Beam Weld replacement._of Leading
Edge per 25000 hours = 0.304 $/hr,
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Impact of Study Results on Advanced Engines and Technology Research
Planning

Pressures to conserve fuel almost automatically suggest that. engines of
improved cycle efficiency be developed and that they will be economi-
cally beneficial to the airlines.. The_results of this study and the
trends ip engine fuel consumption with time from the newer, more effi-
cient high bypass engines suggest that the practical reality of achiev-
ing real improvements in engine specific. fuel consumption..are probably
_more restricted than anyone would desire to believe. The common result
of studies concerning more energy efficient engines 1is that tighter
clearance control, higher overall cycle pressure ratio and higher tur-
bine 1nlet temperature will be needed to significantly reduce engine
fuel consumption. These studies, however, tacitly assume that the
performance thus achieved will last and such is not the case based on
current airline experience.

Figure .1 from an earlier-section of this report shows the trend 1in
engine fuel consumption versus service time for a representative high
bypass ratio.engine. Theoretical studies providing increased component
efficiencies for tighter clearance control must be considered unreal in
the 1ight of current inability to retatn such clearances past the first
few hours of operation. Visual comparison of new advanced compressor
blading versus older-styles, gives 1ittle confidence that the problems
of. changing performance with erosion are being addressed. The newer
blading is characterized with thinner and sharper leading and trailing
edges and more highly twisted shapes. Further, the gas .turning tends
to be introcduced in the last few percent of the chord. The visible
erosion damage sustained by current blading suggests that these are the
areas that 'suffer from erosion attack.. Higher temperature turbine
blading will of necessity be coated to prevent sulfidation/oxidation.
The 1ife of these coatings today are completely unsatisfactory and are.
dictating the short.1ife of current turbine blading. The increase in
operating costs for even more advanced blades without longer 1ife
coatings would probably be prohibitive. .

The engine economic studies completed previously and reported under
NASA CR 134645 cover the maintenance cost of current and advanced
propulsion systems where performance is allowed to deterforate with
time. The cost to maintain even higher performance engines will, of-
necessity, be higher than predicted by this report if an effort is
made to hold the fuel consumptfon to a level reasonably close to the.
initial production.standards. The magnitude of these costs cannot be
~ estimated due to a lack of success in recovering the lost performance
1M current engines. Further, the complete lack.of data on .the cause,
etfect and time relationships that are inherent in current engine
performance deterioration make projections suspect. Only engineering

estimates.as the probable .causes for deterioration based on analytical
study are available.
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Al1 of the above suggest the need for additional technology efforts into
understanding the mechanisms of erosion and means of preventing, retard--
fng or recovering blading performance from the results of erosive attack,
The technology approaches recommended are:

1; Coatings for protection of compressor and turbine parts
2) Airfoil shapes and their sensitivity to erosion with the
emphasis on developing new designs which are less sensitive

to such attack or can be reshaped after attack to recover-
their full performance potential

3) Dimensional clearance control problem under rapid.thermal
transient conditions and aircraft imposed loading (what
happens to the clearances during an aircraft hard landing _
and engine thrust reverser operation?)

4) Advanced blade tip sealing techniques which permit running

at realistic and maintainable clearances while reducing the

losses inherent with such sealing philosophies. :

Advanced engines with improved thermal efficiency are obviously needed
in the face of the energy availability and cost forecasts. Research
on higher-pressure ratio and temperature engines will be .required to
achieve these objectives. Such research activities must. not focus on
higher pressure ratio compressors and higher-temperature turbine tech-
nologies, but must cover the broader scope racommended if they are to
be fruitful. From an airline point of view, smart technology planning
will address the whole apple and not just the obvious objective.

The JT8D test program recommended herein is a first and necessary type
of test to establish the fundamental beginnings of cur understanding
into the cause and effect relationships needed for advanced studies.
The results will be beneficial to the airlines. in attempting to reduce
the fuel consumption of current engines. This impact is, however,
incidental to the long term projected technology research_needs to

the future.

PROPOSED TEST PROGRAM

‘General Considerations - Based.upon the data previously presented, the
conclusion reached was that 60 to 70 percent of long term engine per-
formance deterioration occurs in the fan-compressor-systems of the JT3D
and JT8D engines. The airfoil sections of fan and compressor blades.
and vanes in every engine experience the same basic problems of blade
erosion and foreign object damage but to varying degrees.

In general, the high time .engines experience the severest blade erosion
and foreign obiect'damage. Based upon this, an engine with an excess
of 3000 hours (time removal) on the cold section should be selected for
testing. In addition, engine fuel flow should have increased above the
new engine baseline by approximately 3.5 .percent after repair. It is
anticipated that the above criteria will assure that a typical degraded
engine will be selected. A thorough examination will be conducted on
the engine to assure that the.performance degradation is due to gradual

pargjdetenioratfon and not to an undetected fault or engine component
problem.

85




Neither the JT3D nor JT8D engines have bosses in the cases which will
permit the installation of gas. path instrumentation in the compressor
or fan areas. While such instrumentation has been installed in experi-
mental and development engines, special cases were normally used and
the bosses were removed for the production design to reduce cost, avoid
cracking problems and simplify manufacture. In order to achieve the..
objectives of the proposed Test Program, additional instrumentation .
relative to the.typical.service engine instrumentation is essential.
There are three reasons for proposing this instrumentation.. First,
component or module efficiency determinations. are necessary to pinpoint
the effect of planned changes in engine parts both new and repaired.
Secondly, loss of core airflow i{s a prime suspect and additional instru-
mentation will be required to accurately determine the changes in core
airflow. Thirdly, to achieve a high degree of confidence in TSFC
improvements demonstrated they must be identified to the changes in
module efficiencies and flow capacities. Higher confidence levels will
result from the addition of engine instrumentation capable of breakdown
into component performance.

While stage by stage instrumentation throughout the engine would extend
our ability to ascertain precise .causes of deterioration within the
engine, such is not recommended. Stage pressure and temperature instru-
mentation would be 1ikely to obscure performance changes by disturbing
gas passages more than that caused by deteriorated hardware.

In addition, increased program costs and time would have to be expected
with the more complex instrumentation setup. The additional program
costs and time are believed to outweigh the potential improvement in

undarstanding achievable by this course of action. This type of instru-_

mentation is most applicable to a rig program which could conceivably __
be required to define more precisely the source of deterioration un-

covered in the planned tests.

The probable sources of the major portion of the long term deterioration
of engine specific fuel consumption have been isclated to the loss of
airflow and efficiency in the fan and compressor elements of the engine.
The factors that have led to this condition have been previously discus-
sed and the test program listed below has as its objective. the recovery
of airflow both total and specifically core airflow as the first prior-
ity. Secondly, the recovery of fan and compressor efficiency which are
intimately related in the loss of airflow capacity of the low and high
compressor units is the next priority. With these conclusions, repair
actions addressed at recovery of airflow will undoubtedly bring about

an improvement in averall compressor and fan efficiency. Both fan and
compressor foreign object. damage are intimately related to the loss of
efficiency and airflow as the recovery of thé damaged blades by blending
and the standards associated with those repairs have not taken into
account the impact of overall efficiency on airflow. The repair of.
one blade in a rotor set would have insignificant impact. However, the.
passage of time sees larger and larger numbers of repaired blades in a
rotor-ylelding the slov. deterioration in specific fuel consumption.

The construction of engines makes the strip and repair process of low
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compressors gu1te.cost1y, As. a consequence, bladez &ar: vane restoration
activity tends to be centered on disk 1ife change out time periods. The
more difficult a particular stage.is to arrive at in the disassembly
process, the more chance there 1s that less restoration will be under-
taken unless serious damage is uncovered in the inspection process. The
other fundamental cause of long term deterioration is the gradual effects
of erosion on the leading and trailing edges of_fan, compressor blades
and vanes. Leadin) edge erosion which produces bluntness of the leading
edges and.-particularly the outer or tip portions of the blades cause:
localized reduction in.flow capacity due to reduction in the flow passage.
?rea and an assoctated loss in efficiency due to larger boundary layer
0sses. ..

The exact percentage of airflow loss with blade tip erosion is unknown
and can only be estimated at this time. Insufficient records have been
maintained to determine the rate at which the erosion and resulting
losses have occurred and therefore, theory has been utilized as a first
cut appreximation in determining suggested blade and vane-repair and/or
replacement vates. From the previous discussion of blade and vane scrap-
page .rates, repair cycles, and extent of repairs, it is obvious that
such activity has not been uniform throughout the compressors. It is
possible that other airlines deviate from this position somewhat, how-
ever, uniformity in repair and/or replacement of intervals for hardware.
is essential. Other airlines were contacted regarding their overhaul
policies. and only minor deviation from American Airlines procedure was
noted. It is probable that vane. assemblies will retain their perfor-
mance for longer periods of time prior to replacement.than blading and.
that the material of the blades and vanes has a large impact on the

rate at which erosion reduces the leading and/or trailing edge shape

to the critical point where significant flow loss and efficiency losses
occur.

The relative importance of the various aermndynamic characteristics, i.e.
tip clearance, blade chord width, leading edge shape, trailing edge
angle, etc., varies between the fan, low and high compressors. Blunting
of the .leading edges of the outer, supersonic portion of the fan blades
affect the airflow and efficiency by up to 3.percent -- there being a
roughly uniform reduction in both efficiency and airflow. The front
stages of the low compressor estabiishes the airflow for the core of
the engine at high.power, i.e., cruise, climb and takeoff. The .center
and rear stages of the low.compressor are more important from a low

power-airflow and altitude deceleration stall point of view. Once the . ... ...

airflow has been essentially captured by the early stages. of the low
compressor, the first stages of the high .compressor are equally impor-
tant in extracting the flow from the low compressor and assuring that
the low compressor operating 1ine is in the proper position. . These

rear stages of the high compressor are important in assuring proper

low power acceleration stall margins. Rear-blade tip _clearances in

the high compressor are most important for compressor efficiency of the
high compressor -unit, combustor inlet profile and influences on turbine
inlet temperature profile. Stator outlet vane angle {s.more important.._.
than leading edge condition as it establishes the angle of attack on

¢
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] the blade rows and variations in the stator exit angle can reduce blade.
i 1ife due to induced cyclic. loading of the following blade row. Local-

; jzed trailing edge variation occurs as the result .of damage, poor assem-.
i bly technigue during revant operation or trailing edge blending due to J
i foreign object damage. Severe local distortion. can Tead to the develop- .

ment of severe rotating stall and loss of flow capacity. Adequate tool-
ing for checking stator vane trailing edge angles.unfortunately does not
exist. To repeat, the condition of the first few stages in any rotor
assembly are the most.important from an airflow standpoint and the.loss
of core airflow has a large impact on overall fuel consumption and .
exhaust gas.temperature. . o

Test Configurations - A series of engine tests will be conducted uti- _. ..
Tizing various engine hardware configurations. A1l configuration

changes will be physically accomplished by American Airlines.at their
Tulsa Maintenance Center. The first group of tests would be focused

on fan.(total) airflow and efficiency. The.mechanical condition of fan
blades and vanes with respect to new blades and vanes show variations

from root to tip and between stages. The first blade receives more

repair than the second blade due to the more serious nature of ‘foreign
object damage and the tips more than the roots. Both stages of. the

fan wil} be treated uniformly even though such has not been the practice ;
in service. . :

e v TSI ST IR T BT TR T R I T v

To understand.the cause and effect relationships between mechanical
condition and performance, a series of four tests will be undertaken.
Run number one should be with average current condition fan blades and

: stator vanes. Run number two should be with all new hardware. Run

1 ' number three should be with reworked fan blades and repaired/revaned -
: stator vanes. .Run number four-will address. repaired blades and old
stator -vanes. Additional testing of new first. blade and vane and old
second blade and vane could be contemplated to complete the -matrix.

The mechanical condition of each set of blades and vanes tested will ,
be thoraughly documented. 1

o L R =3 LT e < R T TP TS T T

Analytical core airfiow analyses combined with part condition and part ;
scrap rate studies suggest that the loss of: core airflow is probable

and therefore an effective target for performance recovery. The primary
objective for the next group of test configurations. will address recov= o]
ery of core airflow and low comprassor efficiency. j

Four specific configurations will be tested. The first test will be
run with current typical condition blades and vanes.. The .second in

the series with all new blades and vanes. The third test of the series
with repaired blades and original stator vanes. Additional testing of

new blades and original stator vanes will complete the matrix. The
mechanical condition of the parts tested will be extensively documented

as will the clearance of all seals and hlade rows.

Past performance recovery testing suggests tiiat replacement of early
high compressor blades is an effective means of performance recovery. .
The increased sensitivity of overall_engine performance to high
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e compressor flow and efficiency suggest that the high compressor be

' divided into two halves. Again, uniform treatment of both stator -

::nes and1b1ades.w111 be done even_though such is not common in afe-
ne service.

The first test in the series will be with baseline average hardware.

The second with all new compressor hardware in both halves. The third

test with all new blades and vanes in the front half and original hard-_

; ware in the back half. A fourth and fifth test, repaired blades and

i vanes in all stages; and repaired blades in the front half original )

g blades in rear half of the compressor, will be undertaken. te

.y

: The test conditions and parts documentation requirements will be .

: identical to those discussed previously. Of particular interest is

the impact of Reynold Number effects on the performance of the various

| compressor -configurations. It is anticipated that the sensitivity of

; compressor performance to overall blade and vane condition will be more.
pronounced at cruise flight conditions and that sea level testing alone o
would not.show the full potential savings in fuel consumption. Off
idle.stall testing will also be undertaken during this series to deter- -
- mine the impact of the condition of rear compressor stages on off_idle . 1
stall_margin., _

The compatibility of the various configurations of fan, low compressor .
and high compressor to each other is of real concerm to the airlines.

It is probable that _certain_of the configurations suggested are more
cost effective than others.. As a hypothetical example, the rework of
the early stages of the low compressor may reduce fuel consumption but_
equally they may reduce the stall margin of the low compressor to an
unacceptable level because of high compressor performance losses. The
test program will also be directed at ensuring that compatibility can.
be maintained. The various.configurations to be tested above will be
tested independently and in different sequences. The most logical ‘
approach is to use two engines and start from the low compressor on o
one leaving the fan and high compressor in the as is condition. The

second engine.test program should start with the high compressor and

leave the low compressor and fan in as is condition. .

i

:
- Somewhere in the course of the testing it would be desirable to include . :
an upgraded low turbine to determine the effect of seal clearance on [
overall fuel consumption performance. The configuration to be tested R
would be minimum tip-seal. and rotur seal clearances with existing i
- blading, and .to class all low turbine nozzle areas without changing
: the parts.or their.location in the assembly.

é Sequence of Testing - Two engines will be utilized during the test
: . program. The proposed sequence for the various test configurations {s
}

presented in Table XXI  and discussed in the following paragraphs.

el i e e A .
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Engine #1

A high time engine will be selected which has been removed or will be
removed for 1{fe 1imited disk change out. Prior to the testing, an
inspection will be made to ensure that no serfous mechanical condition __.
exists that-would jeopardize the ccmpletion of the test -series or.be

an obvious source of performance luss. The engine will be run on a

sea level test cell at American Airlines to determine the performance

of the engine relative to when it was last repaired in the shop. The
engine will be water washed and retested to determine the increment in
performance associated with the water wash and_will be subjected to
standard American Airlines stall testing. The engine will then enter-
the typical American Airlines repair cycle and selected nominal hard-
ware ' .11 be installed to bring the engine to a representative condi-
tion. . The additional instrumentation required will also be installed

at this time. A steady state calibration run will follow. The engine __
will then be shipped to NASA-LeRC for baseline tests.

The engine will be returned to American Airlines after the.baseline-
tests and all new low and high compressor hardware (blades.and vanes)
will be installed.. A ten (10) point run will be conducted before ship-
ment of the engine to NASA. A complete series of runs will be made at
NASA. A series of stall tests will be run to determine if there has

been any significant change in the sea level acceleration or altitude
deceleration stall characteristics. '

The next configuration change will consist of new stage 7th through 9th
blades and vanes. The other new hardware (low compressor -and: stage:
#10 through #13) will be replaced with the initial build hardware. The
following configuration will have new compressor blades and vanes
installed in stage 10 through 13. The engine will then have a new

high compressor with a standard build low compressor and fan. The
engine will be run at American Afrlines before shipment to NASA.where

a full test series will be conducted. .

The. fan/low compressor series will then be initiated with the instal-
lation of new blades and vanes in stage 3 through 6. The only baseline
hardware left in the front end of the engine at .this time will be the
fan stages 1 and 2. For this phase of testing, the first and second
stage fan blades will be changed on the engine while it is installed

in the test cell at NASA. At this stage the engine will have a new fan,
low and high compressor and results should match those previously ob-
tained during tests of ‘engine -#1, configuration B (see Table XXI). -
In conjunction with the fan testing a new upgrade low pressure.turbine.
module could be installed and run to see what impact it had on fuel
consumption and exhaust gas temperature level. The low turbine area .
was selected for testing because it does not recefve the attention

that the high turbine receives during repair. Low turbine efficiency
lost shows up as a decrease in low turbine work which. could also

result in lower total airflow through the engine.
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The compressor test series outlined above is an.attempt to locate the
most probable area of performance degradation. The test results can,
and will, vary from engine to engine because of the interaction of one
stage upon another. To be meaningful, repeatability of test results .
between two engines thus becomes important. Efficiency and airflow.
measurements are the most important feature of this series as they
impact fuel consumption and exhaust gas temperature.

Engine #2 _

A similar test program will be conducted on a second engine. After the.
baseline run at NASA, the engine will be modified by American Airlines

to an all new blade confi?urat1on (stages 1 through 13).. The subsequent .

testing will involve configurations with repaired blades and original
(baseline) vanes. The same areas of the compressors will be evaluated
but the order will be different as shown in Table XXI. The order of .
testing was reversed purposely to test the high compressor on one
engine while testing the low compressor on the other. This should
allow an early evaluation of the most probable area of performance
degradation and . would permit some revision to the testing 1f required,
%nb?enig?l, the test plan should adhere to the guidelines shown on .

a e [ ] -—

Proposed Instrumentation - The proposed instrumentation of pressure

and temperature probes at engine stations 2, 2.5, 3, 4, and.7 s

shown in Figyre 38. Production engines have provisions for only static ..
pressures at stations 3 and 4, and total temperature and pressures at
station 7. The installation of the additional instrumentation is highly
recommended. This instrumentation is similar to that used in JT8D
experimental/development engines, thus, the basic design of the neces- .
sary probes and probe bosses is currently available. A 1ist of the
recommended pressure and temperature probe quantities by station is
provided in Table XXII. .. -

Some additional design and._fabrication work is necessary to make the
design suitable for flight weight cases. The low compressor -fan case, .
diffuser fan case, intermediate case, diffuser case and fan exhaust
case of two JT8D-9 flight engines will need to be modified to accept
the recommended instrumentation probes.. The low compressor fan case . ..
bosses will have to be. redesigned since the experimental cases have
integral bosses. A riveted on boss design is recommended to permit

the American Airlines flight engine cases to be recperated. The probe
bosses for low compressor and diffuser fan cases will be riveted to

. the flight cases. . A1l other bosses will be welded to their respective

cases. The probe bosses should.be des1?ned and fabricated by P&WA for
delivery to and installation by AA on flight cases. These reoperated
cases may not be flight worthy. Investigations i{nto means for recovery
of the modified cases to permit continued use would be planned. The
lead time necessary to redesign the low compressor fan case is six (6;
weeks. The present lead time for-procurement of bosses is twelve .(12
weeks and for the probes s twenty (20) to twenty-four (24) weeks.

9
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Table XXI. Proposed JT8D-9 Performance Restoration

Program Summary

Engine #1
Base-1ine Run ..

New Compressor Hardware
Blades & Vanes)
N1 & N2)

New Stages 7 thru 9
(Blades & Vanes;
Base-1ine Hardware
for other stages)

New Stage 10 thru.13
Blades & Vanes)
Base-1ine Hardware)
In Stage 1 thru 6)

Stop Point (Evaluation)

E.

New Stage 3 thru 6
Blades & Vanes)
Base-line Hardware)
In Stage 1 & 2)

F. New Stage 1 thru 2-

92

(Blades & Vanes)
(A11 Engine Hardware)

A.
B.

D.

Engine #2
Base-1ine Run.

New Compressor Hardware .
iBlades Only)
N1 & N2)

Reworked Stages 3 thru 6
Reworked Blades)
Base-1ine Hardware)
Other Stages)

Reworked Stage 1 thru 2
(Reworked Blades)
Base-1ine Hardware) .
Stage 7 thru.13)

Stop Point (Evaluation)

EC

Reworked Stage 7 thru 9
(Reworked Blades)

Stop Point (Evaltuation)
Option

OR

tReworked Stage 10 thru 13
(Reworked Blades)

:Low Turbine, New Parts.
(New Hardware)
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Table XXII. Proposed Instrumentation

Statfion 2.0 - Six (6) pitot static probes located at various circum-
ferential locations in the instrument ring which is secured to the
enyine inlet case. These probes will supply engine inlet total and
differential pressures. .

Station 2.5 - Fan Discharge Pressure and Temperature

a)  Four (4) total pressure rakes consisting of five probes each.

b) Sixteen (16) temperature probes consisting of one T/C each,
redesigned with long calibrated 1ead thermocouple wire.

Station 3.0.- Low Pressure Compressor Discharge Pressure and
Temperature .

a) Four (4) total pressure rakes consisting of five probes each. ..

b) Four-(4) temperature rakes consisting of five T/C's each, with
long calibrated lead.thermocouple wire. —

Station 4.0. - High Pressure Compressor Discharge Pressure and
Temperature (May be feasible to_use.quiet engine instrumentation
with mounting spacer.) .

a) Two_(2) total pressure probes consisting of 4 probes each. _

b) Two (2) total temperature probes consisting of 4 T/C's each.
. Lead wire should be matched to probe T/C wire. .

Station 7 - Turbine Discharge Pfessure and. Temperature

a) Six (6) total pressure probes, manifolded together to_provide
an average primary exhaust total pressure, ,

b) Eight (8) standard temperature probes measuring primary exhaust
gas temperature which can be read individually or as an average
of all eight.

Station 7F - Fan Discharge Pressure.

a) Six (6) total pressure probes, manifolded together to provide
an average fan total exhaust pressure.
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There has been great interest expressed.in obtaining station 2.4 (core
inlet) instrumentation for the proposed program in that it would be
helpful in defining the perfurmance effect of fan blade changes. In
the past, experimental engines have been instrumented with 2.4 leading
edge sensors. However, these engines have uiilized stainless steel
vanes which allowed for sensor attachment and intricate sensor lead .
routing necessitated sensor.lead cutting on each engine disassembly.

The best instrumentation for station 2.4 are sti1l leading edge sensors,
However, proposed test program schedules and cost considerations make
this method a poor candidate for the intended program for the following
reasons: _.

. Sensor attachment to aluminum vanes will result in poor___
sensor durability due to aluminum attachment problems
with risk of engine damage.. .

. Sensor routing problems. will result in total sensor —
replacement. during each .engine disassembly.

. The fixed sensors will not tolerate planned water washes
for reasons of sensor accuracy and durability..

A replaceablé probe appears to have .the best potential for meeting the
program desires. The probe concept presented in -Figure 39 is similar:

- to.a leading edge installation. The probe is externally flange mounted. .

at the outer-diameter case with a crossover tube .(housing the sensor
leads) extending through the fan duct to a dummy splitter nose. At the
dummy splitter, the station 2.4 probe is attached. The probe is shaped
somewhat similar-to a vane leading edge and is physically supported to
the existing vane and/or modified vane in the effort to reduce aero-
dynamic blockage and probe diameter for structural considerations. The
probe tip should extend through the. inner diameter wall for added struc-.
tural strength. Advantages of this design:

. It is replaceable.
. -It. produces minimal probe blockage.

. Increased instrumentation precision (same probe for-
back-to-back. tests). : —

Disadvantages of this design:

. Engine hardware modifications will make the parts unusable
for flight use and increase program costs. .

. The probe concept 1s expensive to develop.

The fnstallation of this type of repla.zable probe would require the
following design considerations:
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2nd Fan Blade
Trailing Edge

- 2nd Stator Vane

Fan Exit Guide Vane .
Leading Edge

'Racetrack' Shaped Probe
Support Shaft

Section AA
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. Particle flowpath map to.define upstream wakes, distortions
. Detailed vibration analysis studies

To complete the design would take three (3) months for.both total pres-

sure and temperature probes and approximately five (5) months to procure .

the probes. In addition, prior to releasing this probe design an enyine
test program would be needed to determine the effect of the probes on
3rd compressor blade stress. This engine testing would require 2 mini-
mum of three (3) months to complete. Based on these considerations,
installation.of 2.4 instrumentation is not recommended for thz proposed
program. It 1s believed that planned measurements at statizns 2, 3, and
4 will provide sufficient indications of fan root performunce for the
planned test program.

Data Va11d1t¥ - Positive recommendations to the airlines concerning
performance improvements achieved by engine hardwzre changes are con-
templated on the basis of the planned back-to-back testing. To fulfill
the intended purpose, the precision of the measured parameters that go
{nto performance calculations must be defined’in order to avoid the risk

_of saying that a change is real when it has only happened by chance.

To.meet this objective, there should be 95% confidence that TSFC changes.

on the order of +0.5% or less are due to a hardware change rather than
chance. To be assured of this and have confidence in other calculated
gas generator changes, a high level of precision should be maintained

for the duration of the test period. .

Discussions with NASA corcerning the NASA data system hardware and .
operational techniques to be used, indicate that a high degree of
precision is obtairable from the instrumentation system. However,

there was 11ttlz accuracy documentation available and the precision of __

the system was not known.

A recommended calibration test plan will be developed in concert with
NASA to perform the desired analysis of the test data and determine

the precision of the data system. Much of the work would be done prior
to engine running but calibration data should be acquired during the
first series of engire runs with no hardware changes to ensure that no
problems peculiar to running exist.

The parameter precisions determined from the tests would be used in
performance calculation and supplied to the performance analysis and.

compressor design specialists in order to assist them assessing_hard-
ware changes._

In order to ensure that the data acquisition system continues to per-
form satisfactorily during the entire program, monitoring of confidence
channel data acquired during each test point is recommended and planned.

97
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Lata Acquisition_and Analysis Plan - The current raw data format being
ut1112ea by NASA 1n"the JT8D REFAN test program will be compatible with
current P&WA data reduction computer programs for the current JT8D
engines. Only minor adjustments, if any, are anticipated. The NASA
quick look computer printout on JT8D REFAN test data, however, will
require some modification to provide simplified editing capability in

the. areas of instrumentation profile checks, fuel fiow meter com?ar1sons_m

and other sensitive performance parameters to facilitate data va idity
checks essential to maintaining the recommended._test program schedule.
Rapid transmission of data tapes containing the test data will be essen-
tial to maintaining the program schedule and to this end, special han-
dling techniques-are recommended.. American Airlines would expect to
help in this regard by providing special handling capabilities between
Cleveland and Hartford. In addition to the data acquisition recommen-
dations discussed above, an on-1ine data surveillance program is recom- .
mended. Such a program could be integrated .into.the data acquisition
program and recorded on magnetic:tape_along with the primary test data.

Reduction of test data is broken into several phases. In general, the
following procedure is recommended. A quick look of the raw engine
data provides an opportunity to profile pressure and temperature rake
data, to compare. fuel flow meter agreement, and to check out sensitive
areas in airflow and thrust measurement systems. After consistency of
test data is adequately determined, the gas generator curves (Figure 40)
plotted from the data reduction program output will be corpared to pre-
ceding altitude tests and to the American Airlines test run at SLS.
Once the baseline configuration is run at NASA and data validity is
established, back-to-back comparisons at both altitude test conditions.
will be made. Confidence in measured TSFC and EGT changes will be
established by comparing component or module efficiency changes, flow.
capacity changes, and other gas generator parameter shifts with thefr
effect on TSFC and EGT utilizing influence coefficients. Once the.
performance improvement has been established, then the performance
change will be correlated in the observed part condition.

The main thrust of the proposed program is the.determination of the
relationship between compressor blade and vane mechanical condition and
both fan and compressor performance and overall engine performance.
Compressor blade and vane performance .are attacked by erosinn and by
mechanical repair of blades and vanes to remove foreign object damage.
There is scant information.on the influence of rounded leading edges
and blade tips. or trailing edge erosion on overall compressor perfor-
mance or stall characteristics. Pressure surface pitting should also.

have an adverse influence on boundary layer thickness and therefore on . _.

compressor flow and efficiency. The performance effects of erosion

and FOD damage repair may also. be different for different blade shapes. .
The planned program will provide a first 1nsight as to the performance
effect of these factors and thereby on design criteria for future
engines. During the course.of the test program detafled visual {nspec-
tions of gas path parts are planned. Physical measurements for chord,
roughness, tip clearance, etc., in addition to shadowgraphs.of typical
blades and vanes are also contemplated. These measurements and

ke
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observations in conjunction with compressor and engine performance data
obtained from the planned test sequences will be analyzed and inter-
preted. From the ear'y test results, the definition of “"rework" for

the -compressur parts for-the second engine will be developed. Recom-
mendations will be devaloped for additional and more detailed _compressor
rig, multi-stage as well as single stage, and cascade testing covering
both current and advanced compressor designs to {solate the discrete
effects of the different deterioration items (i.e. blunt leading edge,
loss of tip chord, Surface roughness, etc.) based on the test results..

Computer simulations of each of the test engines are recommended.
These simulations are necessary to evaluate the effect of the hardware.
changes at flight conditions not included 1in the test program and to
provide a means for determining the total fuel conserved over a typical
flight path for each hardware change. Since sea level static testing
will not be done (due to test cell 1imitations) the simulations can be.
used to estimate the performance improvements at this flight condition .
which will provide the airlines with an estimate of what to expect in.
their sea level test stands from the recommended hardware changes as
well as a correlation of the performance improvements observed at sea
level with those to be expected at.cruise.

The simulations can also be _used to estimate the total performance
improvement. possible from a combination of changes. Interactive effects
from two or more. changes can be evaluated with the simulations. Based-
on the knowledge gained from the testing, additional test stand instru-
mentation to monitor deterioration_levels should.be recommended to the
airlines. Trade-offs between cost and complexity on the one hand with
the instrumentation required to understand deterioration (and other.
engine problems) on the other hand are necessary SO that the new
instrumentation recommended will provide.the airlines with the most
information with a minimum of additional equipment. . -

Finally, the knowledge gained from the JT8D engine model tested should
be applied to other engine models now in service. By relating the com-.
ponent improvements found in the test engine to. the components of the _
other engine models and incorporating these improvements into. simula-
tions of other engine models, the performance improvements to be
expected in other engine models can be estimated.

Test Procedures and Conditions - The proposed testing will be conducted
at American Airlines and NASA-LeRC. The tests will consist of steady-
state performance and stall tests and in general will be conducted on

each engine configuration. Table XXIII summarizes the type, conditions,
etc. of the testing.

The steady-state tests will consist of a ten point test at the specific
f1ight condition called for.. The :altitude. acceleration-deceleration
tests will simply document a throttle snap acceleration and then decel-
eration at altitude conditions.




Table XXIII. Summary of Proposed Tests. for
Each Engine Configuration

Location Remarks
American Airlines . 10 point sea-level performance

Sea-Level Facility
. Standard stall tests (off idle ..
and. stall grade)

NASA-LeRC . Steady-state performance at v
Altitude Facility altitude - Mach number of 30,000 . §
feet, 0.8 and minimum altitude
and Mach number (about 10,000
feet and 0.1)

. Acceleration-deceleration tests
at altitudes of 30,000 and 10,000 . i
feet and 018 and 0.1 Mach number. ..

The stall tests will be to check.the LPC and HPC stall margin. The
specific low pressure compressor stability check plannzd 1s a test in.
which air {is bled from the high compressor exit to the low compressor
inlet as a means of increasing the low compressor operating line a
predetermined amount. The bleed flow 1s. regulated by an orifice plate.
and a shut off valve. Three orifices (1.414, 1.30, 1.20 in. diameter)
are used to determine the stall free operating range with three levels
of operating 1ine. If the engine is stall free below a rotor speed
(N1//78T2) of 7350, 7650, 8000 rpm with 1.414, 1,30, 1.20 inch diameter.
orifices respectively, the engine is.considered to have. acceptable low
compressor surge margin.

The high compressor stability test planned evaluates the off idle stall .
characteristics.by evaluating a series. of snap accelerations on a warm
engine with the effective acceieration schedule enriched beyond that
provided by the normal fuel control acceleration cam. This enrichment

is obtained by bypassing additional fuel around the control metering -
valve to the fuel manifold through a fuel line, orifice, and shut off
valve. The required test procedure investigates the high compressor
stall characteristic of ‘a warm en$1ne with the acceleration schedule
effectively increased 3 WF/PB ratio units (1b/hr-psi). A series of 3
snap _accelerations should be performed from icle speed and 7100 rpm

N2/ V8TZ with a #3 fuel orifice after the engiie has been warmed up at_._
takeoff power for 5 minutes. If the engine is itall free, the engine

is considered.acceptable. .If the engine stalls on the snaps from idle
speed but not from 7100 rpm, a series of 3 snars {is conducted with a ]
#2 orifice from idle speed. If the engine is «tall free on this second

serfes of snap accelerations, the high compres:ior stability is con-

sidered acceptable. The engine is unacceptabls if it stalls on the

snaps from 7100 rpm with the #3 orifice from 100 rpm or on the snap

from idle with the #2 orifice. A detailed test procedure and a 1ist
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of required equipment will be provided as part of the Program for both
the Tow and high compressor stability_ checks. i

These tests are recommended to ensure that engine stability margin is

maintained in the process of selective repairs of the JT80. high and
Tow compressors..

s R s aen- s hecast i £

Test Facilities - The selection of a test facility site involved several ;
Tmportant factors such as facility availability/capability, the number i

of parameters to be selected, associated instrumentation accuracies, and
data recording capability..

P

-

The. 1arge number of recommended parameters to be.sampled, instrumen- - )
tation accuracies, and data recording facilities are beyond the capa- o
bility of American's test.stand. Pratt & Whitney Aircraft has the 1
capability to conduct the tests but would have difficulty in keeping ¥
i a test cell available for the test period of 14 months. Additionally,
b both cost and the credibility of the results to the airlines_are con-
P siderations which should not be overlooked. .

B i A

] - The NASA Lewis Research Center has been conducting a JT8D REFAN.test .. :1
; program. The instrumentation accuracy is sufficient to satisfy the .
requirements 1ist in Tables XXIV and XXV. Table XXIV represents the . ,;
instrumentation sensitivity factors required during sea level static, !
standard day conditions while Table XXV represents those required at
30,000 feet, 0.8 Mach number, standard day conditions. -
L An additional important.consideration {s that only minor adjustments i

‘ . will be required in the data recording and reduction program that were. ?
used - in the JT8D REFAN program. Some modification will be required to. §
provide simplified editing capability in the area of instrumentation _ ;
profile checks and other sensitive performance parameters to facilitate

data validity checks essential to maintaining the recommended test
program_schedule.

e

Lo It 1s therefore recommended that the tests be conducted at the NASA

: Lewis Research Center utilizing as much of the JT8D REFAN -test program

; as possible. This test plan also offers another advantage in that NASA
: would be an unbiased observer and the information gained could be used

;. by them in furthering design_of future engines.

| : In sumary, it is recommended that the airline conduct pre and post. ﬂ

modification_testing at sea level to the extert of their capability.. !
In addition, stall grade and off idie stall testing should be accom- {
plished by the airline. NASA should conduct the sea level and altitude.
3 testing with full data recording. It is recognized that the NASA test |
! cells cannot produce sea level static conditions due to plant capacity
1imits and that low altitude, low speed testing will need to be used in

lieu of static conditions. Analytical techniques will be used to extrap- . l
olate these data to the sea level static condition.

ST e
e s i i

e s

102

.
i
£
?
i
)
]

o




Table XXIV. Instrumentation Sens1t1vity_fictors for -
JT8D-9 at Sea Level Static, Std. Day Takeoff

+1% Fan 0.D. Efficiency

+1% Fan 1.D. Efficiency.

[ E—

+1% LPC Efficiency
+1% LPC Efficiency

+1% HPC Efficiency

+1.4

-00]2-

-108
40,22

- =1.3

-=0.11

°
PSIA

°F
PSIA

°F
PSIA

OF.

PSIA

°F
PSIA
°F
PSIA

°F
PSIA

°F
PSIA

OF,‘
"7 PSIA.

°F
PSIA

T2

PT2.
T12.5

0.D.
PT2.5 0.D.

TT2.
PT2

TT2.5 I.D. |
PT2.5 I.Dv oo o

T72.5 1.0,
PT2.5 I.D.
TT3
PT3

TT2
PT2.
TT3
PT3 .

TT3
PT3
TT4
PT4
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Table XXV. Instrumentation Sensitivity Factors. for
JT8D-9 at 30,000 Ft., 0.8 Mach No., Std.

Day Max. Cruise

+1% Fan 0.D. Efficiency
+1% Fan 1.D. Efficiency

+1% LPC Efficiency
(I1solated LPC)

+1% LPC Efficiency
(Overall LPC)

+1% HPC Efficiency ..
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. «1.3 .
~0.05
. -107

+0.11
+1.2

-0.052 ..

-106

+l]1. o ——————y
41.3

-0.1
-1.7
+0.20

+2.1
-0.09
-3.3
+0.39

- 43.1
-=0.38

"408
+1.4

°F TT2
PSIA PT2

°F TT2.5 0.D.
PSIA PT2.5 0.D. -

°F- TT2
PSIA PT2
°F TT2.
PSIA PT2.

PSIA PT2.
°f TT3
PSIA PT3 — o

°F TT2
PSIA . PT2...

°F TT13
PSIA. PT3 .

°F TT3...
PSIA. PT3

°F TT4
PSIA PT4
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Test Schedule - After completion.of each test run at NASA, the engine
will be shipped ta Tulsa for the next Bill-of-Work. The engine turn
time at Tulsa will be approximately thirty days. The engine will then
spend approximately thirty days at NASA. -

Two engines will be utiiized during the tests. While one -engine is.at.

Tulsa, the other will be at NASA. Rotating the engines between the '
locations will permit efficient use of facilities and personnel at both

locations and .shorten the total test period.

The exception to this general schedule is the fan testing where the
installation of the modified fans would be undertaken at Lewis by a
special American Airlines crew with the engine installed in the test .
stand. Removal of the inlet duct by NASA personnel to permit access _
to the engine by AA personnel is assumed...

Therefore, the 14 engine test series, described previously, will require
an elapsed time.of 14 months to complete. An additional period of three..
months prior to testing will be required to design the bosses and modify
the engine cases for the additional test instrumentation. The overall
program will require 17.months. .

Program Costs - The estimated cost for budgetary and.planning purposes
to conduct the test program as recommended is $1,250,000. This cost
estimate includes the costs for both the American Airlines and Pratt & .
Whitney efforts as discussed previously and as set._forth in this
section. This cost per test excluding actual NASA testing expenses

is approximately $90,000. Fixed costs for instrumentation.and case
scrappage reduce the actual. cost per test to a lower value. Fourteen
test configurations are included in recommended program. This cost
estimate also covers all data analysis and report writing activities.

Industry Meeting - On 26 November 1974, an industry meeting was con-

ducted by Amerfcan Airlines and Pratt & Whitney Aircraft at_NASA Lewis
Research Center for the purpose of briefing the industry on.the status .

of the effort reported herein. The major airlines have all undertaken

test work in an attempt to improve the performance of their -engines.

The. major factors limiting the success are the non-conclusiveness of

the test results. This makes management unwiiling to commit (and

rightly so) to.significant investment in hardware without move sub- ... . ... ..
stantial proof of payback of the investment.

The representatives of United and Pan American were essentially in.
agreement with the conclusions that American Airlines and Pratt &
Whitney developed during the course of this investigation, i.e., that
considerable performance loss was attributable to the fan, low and
high compressors due to erosion and foreign object damage. Four air-
1ines submitted engine performance information concerning fuel con-
sumption increases, probable problem areas, part scrap rates, and _.
current efforts undertaken to reduce or control SFC with time.
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In most cases, fuel consumption increases ranged from less than 1% to
over 4.5% from JT8D new engine performance and .from 2.5% to 7% increase

over new JT3D engine baselines. In all cases, LPC and HPC cortamination

and blade erosfon along with first stage turbine nozzle and outer air-
seal deterforation was felt to be the most prevalent causes for perfor-
mance changes.

Scrap and repair policy relative to fan, low compressor and high com-.
pressor in .general coincides directly with Pratt & Whitney Overhaul
and Repair Manuals. Compressor blade replacement statistics agree in
general with those reported by American Airlines.

General conclusions from the industry can be stated as follows. It
appears that parts condition (blade and vane) in the cold section of
the engine is contributing a significant amount to performance degra-
dation. A more definitive test program is required to substantiate
the above... This test program must be structured to tie part config-
uration to performance in order to provide a meaningful economic ...
measure of performance improvement. In order to accomplish this,
adequate instrumentation and data. recording equipment must be utilized.

CONCLUSIONS/RECOMMENDATIONS

Conclusions - It is concluded.that between 60 and 70 percent of the.. .
observed increase in JT3D and JT8D fuel consumption is estimated to be.
associated with deterioration of compressor and fan performance. The
principle cause of the deterioration has been the reduced effort ex-
pended on restoration of compressor performance due to previous oper-
ating economic conditions, lack of adequate instrumentation to determine
the performance losses and the problems associated with measurement of
engine airflow by the.airlines. Between 10 and 15 percent of the long
termm increase in fuel consumption appears to be attributable to the
turbine performance.losses.. The degree of restoration activity that
commonly goes. on in the hot section of.the engine suggests that this .
}evel g{ loss may be improved siightly but the_economics are not.
avorable.. .

The balance of the increase in fuel consumption is believed attributable

to general deterioration of seal.clearances. The major area of improve-

ment holding potential is in the compressor-and turbine tip seal areas.
Performance simulation studies suggest that the performance changes
observed .cannot be accounted for by deterioration of the turbine per-
formance alone. Losses in airflow and compressor efficiency with small
turbine performance losses do explain the changes noted. Review of
American Airlines part scrap rate histories clearly indicate a less
than uniform approach to. replacement of compressor blades and stator
assemblies. Review of part condition suggests that compressor blades
suffer from erosion of the leading edges in the outer 30% of the blade
span and stators from trailing edge erosfon. Current JT3D and JT8D..
production instrumentation does not.provide adequate guidance as to
the component or module responsible for higher fuel consumption.
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Responses tc the questions posed to other airlines. concermning the
extent of their performance problems indicate that all are confronted
with similar problems, the degree of which is proportional to the _._
average age of their fleet of engines. .

The major airlines have all undertaken test work in an attempt to
improve the performance of current engines. These efforts have had
minimal success due to a number of factors. The major factors 1imiting
the success is the non-conclusiveness of the test results. Major de-
partures from existing material replacement policies require significant
investment in maintenance which managements have been unwilling to-
undergo without substantial proof of payback of the investment. The
limited instrumentation, lack of facilities and considerable expense
associated with back-to-back engine testing have made the airlines
unwilling to undertake the repetitive testing necessary to.obtain the.
proof on.an individual airline basis. The results of this study have.
improved the airlines' understanding of the probable causes for long
term performance deterioration. What is necessary is the proof that

Eachanaeft S

improvements can be made and the performance can be recovered on a
cost effective basis. NASA's unbiased position.in: this regard, in
addition to their facilities and expertise, are needed to provide the
confidence necessary to proceed.

The airlines note that the more advanced engines deteriorate more
rapidly. It is probable that even.more advanced engines directed at
fuel conservation will deteriorate even more rapidly unless their-
designs reflect.techniques to reduce the long term effects of erosion,.
etc. This area of technology needs to be pursued to ensure that
efforts on advanced compressors and turbines for more energy evficient
aircraft are not lost in the irst hours of airline operation. _

Recommendations - Based on the conclusions. discussed, the following is
recommended. The results of the studies have suggested that reduction
of the excess fuel consumption currently exhibited by current JT3D and.
JT8D engines 1s achievable and potentially cost effective. The test
program outlined herein should be pursued to identify the amount of

fuel consumption reduction achievable and the cost effectiveness of . ——

doing so. -

Based on.the study findings, it is recommended.that performance recovery
activity be concentrated on the compressor and fan with the objective
of understandiiig the relationship between mechanical part condition and
compressor performance; and the relationships between compressor effi-
ciency loss and airflow loss. The condition of compressor parts to be
tested should cover the existing part condition, new parts, and repaired

parts to determine the relative impnrtance of gross changes in leading

edge shape, blade tip shape.and stator trailing edge condition. This

effort should be-considered an initial step as it.1s probable that more
detailed analytical and experimental studies will be required.to define .. __
the fmpact of specific conditions on overall performance (i.e. leading

edge shape as distinct from trailing edge shape, etc.).
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NASA should consider the impact of these types of long term performance .
deterioration problems on their overall long range research efforts.

As an example, the rate of change of leading edge shape with time or
flight cycles should be considered as part of advanced fan and com-
pressor research activities. The higher performance engines are by

far more sensitive to losses in core airflow and core compressor effi-.
ciency than the older engines studied during this program. There is.
every reason. to believe that the more complex shape, thinner leading
edges, etc. of advanced blading will be even more sensitive than cur- -
rent designs. Technology research directed at improving -engine perfor-
mance must consider the total environment in which engines operate to .
be considered smart-technology. High cost blading must maintain its
performance over long periods of operation or be restorable to original
performance in order to be effective in energy conservation. .

The contractors consider that the test program recommended herein
warrants NASA support and is a necessary first step towards achieving
short term energy conservation. It will provide the initial step in

a far reaching technology program directed at improving the real fuel
conservation capabilities of future technology engines and provide the
economic and performance data to support activation of such energy-
saving programs by the airlines and military services.
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; APPENDIX 1 . a

{ PART TOLERANCE & SEAL CLEARANCE SUMMARY . :
o FOR BOTH JT8D & JT3D ENGINE BUILDS |

A considerable increase in engine fuel consumption and exhaust gas
temperature can occur if core airflow is lost through seal leakage. ]
When excessive seal leakage occurs, the airflow available to provide !
thermal work when fuel 1s added is decreased markedly. To obtain the. !
\ same engine thrust with reduced airflow requires the addition of more

f fuel and this results in higher exhaust gas temperature and an increase

in thrust specific fuel consumption..

The seals in the.JT8D engine are designed to prevent recirculation of .
air from an area of.high pressure to an area of low pressure. For
example, Figures 41 and 42 indicate the basic critical seal areas of.
the JT8D which «ould allow recirculation in the compressor or loss

: through the turbine seals of a certain amount of airflow above the P
- design value which will result in considerable increase in fue! flow ;
and EGT,

Measurements were recorded for the JT8D seal areas indicated by fters. .
number 1 thru 11 in Figures 41 and 42. These measurements were given _
to P&WA Engineers who used the information to make analytical pe=for- a
mance loss estimates. The analytical performance.estimzutes a.- dis- '
cussed in the Seals and Clearances Section of the main vep-vi1. The
seal areas except those noted as follows were found to b~ within P&WA
manual limits. .o

The 13th stage air sealing ring located on the rear side of 13th stage
compressor rotor is a mandatory measurement. A toual of four knife
edge.seals is involved. A review of seven 13th stage rotors indicated
that only one knife edge seal had exceeded the P&WA wanual limit. A .
survey was concucted on fifteen 13th stage rotors that had less than
3,000 cycles left. Approximately fifty percent of these rotors had
one or more of the knife edge seals exceeding thz P&WA manual 1imits..
The seal lands (4 total per seal) were found tc be within P&WA manual
Timits. The lands are built up with metal sprav and remachined when .
the tolerances exceed. the P&WA manual limits. -

In summary, review of Am:rican Airlines’' procedures used to establish

- seal clearances for the JT8D engine show a consistent approach that.
would tend to eliminate secondary flow seals as a major contributor
to long term deterioration. No concernable deviations in part dimen-
sfons from the specified P&WA Overhaul Manual dimensions were revealed.

:
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The same JT3D-3B engines selected for evaluation of part condition in
the Tow and high compressor sections during teardown were followed
through their repair cycle-in the shop and seal tolerances and com-
pressor blade tip clearances were recorded. Figure 43.thru Figure 45
indicate the areas of the engine where seal tolerances and compressor
blade tip clearances were recorded during éngine buildup. Many of the
parts and components including compressor blades, vanes and shrouds,
and cases were offloaded for repair during engine disassembly, Ser-
viceable -repaired parts removed previously from.other engines were
installed in these engines during buildup. The practice.utilized at-
American Airlines for offloaded parts requires that they be restored -
to new part dimensions. This procedure is felt to be necessary to
control part interchangeability because of the part interchanging that
occurs from engine to engine .which tends to minimize tolerance problems.
This practice does not apply to compressor blades which are currently.
proce?sed according to the repair limits outlined in the P&WA repair
manual..

The seal tolerances and blade tip clearances were recorded for those
engine areas indicated in Figure 43 thru Figure 45 during bufldup of
engine S/N 645738. The.same number representing different engine.
Tocations on the figures is used to indicate that the minimum and
maximum tolerances are the same value for each of those locations
(Figures 1 thru 3). The seal areas and blade tip clearances except
those noted .as follows were found to be within P&A manual 1imits.

Review of the dimensions recorded as illustrated in Figure 43 relates ..
to both the fan and low compressor sections of the engine. The air
seal measurements indicated by number 2 in Figure 43 was found to be

a 50 percent split between those falling within. the P&WA reference
dimensions (manufactured 1imits) and replace 1imits. No dimension
exceeds the replace 1imit. for the seal land diameters.

Similar measurements were taken in the high compressor area as indi-
cated by Figure 44. The forward seal land diameter in the intermediate
case indicated by number 3_was within P3WA reference 1imits while the
aft seal land diameter was found to be within the check and repair
limit. However, the fwd air seal knife edge was beyond P&WA check and
repair 1imits while the aft portion was within check and repair 1{mits..
The spacer knife edge seal to seal land diameter (number:4, Figure 44)
was found to be within check and repair limits. In fact, 75% of the
dimensions were within reference dimensions. The knife edge seal diam-
eter (number 5) for both the fwd and aft knife edge was found to be
outside the P8WA reference dimension. The mating seal ring land diam-
eter was not recorded. Blade tip clearances (number 16, Figure 45)

for the 1st through 4th stage turbines were found to exceed the-manual
1imits for some individual.blades. However, the average value for all
the blades was found to be-within the manual 1imits.

In summary, the seal tolerances for engine S/N 645738 were found to be
within P&HA manual 1imits. The biggest discrepancy noted concerned the
turbine blade tip clearances for individual turbine blades in all four
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stages. The performance data for this engine is shown in the section
titled "Prior Performance Recovery Efforts” of the main.report.

The previous seal tolerances and blade tip clearances. recorded for JT3D
engine S/N 645738 were also recorded for engine S/N 667783. The-excep-.
tions .are noted as follows..

The seals indicated as numbers 1 and 2 (Figure 43) were found to be

within P&WA check and repair -1imits with the exception of the 7th to

8th stage fwd seal_land diameter which exceeded the P&WA check and

repair 1imit. The -fan and low compressor blade tip tolerances (see

number 12) were found to be within l1imits with the exception of the 1st. .. _.
and.2nd fan blade tip clearances. Some blades in the first stage.fan

had tip clearances which exceeded the maximum allowed in the -P&WA repair
manual. Second stage fan blades exceeded both the minimum and maximum
limits given in the Maintenance Manual. '

The seals indicated by numbers 3 and 4 in the high compressor (Figure
44) were.within P&WA manual 1imits with the exception of the 15th and___
16th aft seal land diameter which was outside the P&WA specified
clearance limits. The rear 16th compressor knife edge seal (number 5,
Figure 44) was found to exceed P&WA reference 1imits but did not exceed.
the 'replace if over' limits,

The seals in the turbine area as indicated by numbers 6 through 11, 17,
20, and 21 were found to be within the "aWA check and repair limits.
Approximately 50% of the tolerances fell within the check and repair
Timits while the remainder were within P&WA reference dimensions.
(marufacturing 1imits). Both the. first and second stage turbine tip
blade clearances (numbcr 16) were found to exceed both the minimum and
maximum limits for some of the blades. However, the average tip clear-
ance for the 1st and 2nd turbine blades was found to 1ie within the
P&WA manual 1imits. The third stage rear turbine tip blade clearance
was .exceeded by some blades, but the average value for all the.blades
was within P&WA manual limits. The fourth stage turbine blade tip
clearances were found to.be okay.

In summary, engine S/N 667783 exceeded the P&WA manual limits concern- -

ing individual blade tip clearances for the 1st and 2nd fan blades and.

for the 1st through 3rd turbine blades. The various seal areas in
Figures 43 through 45 were found to be within manual 1imits with.excep-

tion of the 7th to 8th stage fwd seal land diameter and the 15th &Ghd o
16th stage aft seal land diameter which cxceeded manual 1imits. The
performance data for this engine is given in the main report.
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